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W. L. 


Willie L. Doxey (M’53), Director of Electronic 
Components Department at the U. S. Army Signal 
Research and Development Laboratory, Fort Mon- 
mouth, N.J., has been elected National Chairman of 
the Professional Group on Military Electronics for 
the year beginning July 1, 1961. He will succeed Dr. 
E. G. Witting, whose term expires on June 30. Mr. 
Doxey has been a member of the National Adminis- 
trative Committee for two years and has served as 
East Coast Vice Chairman since July 1, 1960. 

He was born in Louisiana, on February 21, 
1912. He received the B.S. degree in physics and 
mathematics in 1934, from Northwestern State Col- 
lege, Natchitoches, La. He received the M.S. de- 
gree from Louisiana State University, Baton Rouge, 
in 1939 while teaching mathematics and physics in 
Louisiana secondary schools. 

Mr. Doxey’s service with the Department of De- 
fense began in March, 1942, as a physicist in the 
Research and Development Division in the Office of 
the Chief Signal Officer, Washington, D.C. In this 
position he made substantial contributions in the field 
of frequency control in the research and development 


Doxey 


and application of quartz crystals, one of the mili- 
tary’s most critical items at the time. He was com- 
missioned in the Army in July, 1942, in the Elec- 
tronics Training Group, and, after a brief training 
period, returned to service with the Research and De- 
velopment Division, Office of the Chief Signal Off- 
cer. He was transferred to the U. S. Air Force in 
1944, at Air Material Command, Wright Field, Day- 
ton, Ohio, where he continued to be responsible for 
Air Force problems in frequency control. 

In July, 1946, he rejoined the Signal Corps as a 
civilian, where he served as staff engineer, Director 
of Frequency Control Division, Director of Power 
Sources Division, Deputy Director of the Electronic 
Components Research Department, and currently as 
Director of the Electronic Components Department. 

He served as a member of the *Administrative 
Committee of the Fort Monmouth Chapter of Armed 
Forces Communications and Electronics Association, 
President of the Fort Monmouth Chapter of Armed 
Forces Management Association, a member of the 
American Management Association, and Consultant 
to American Ordnance Association for Electronics. 
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Message from the National Chairman 


T is indeed an honor to have been chosen Chair- 
man of the Administrative Committee of the 
Professional Group on Military Electronics. I 

cannot help but look back at the first five years of 
PGMIL’s existence with pride and a feeling of ac- 
complishment. From a modest beginning in 1955, 
under the capable and enthusiastic guidance of Cap- 
tain Engleman, we have grown progressively into a 
strong professional community of 4300 members 
with 23 active chapters from coast to coast. It has 
been my pleasure to witness this vigorous growth 
from the very beginning and a privilege to have con- 
tributed in a small way from time to time toward its 
progress. 

As you well know, a Chairman along with just a 
gavel is not much—he must have a back-up of com- 
petent and dedicated people on his Administrative 
Committee to chart and maintain a vigorous and pro- 
gressive program in the technical and fiscal matters 
of the Professional Group. In this connection our ex- 
Chairman, Dr. Witting, and his Committee have se- 
lected excellent replacements for the six outgoing 
members of the Committee, thus assuring a continua- 
tion of the fine quality of membership typical of the 
PGMIL Administrative Committees of the past. 

Two of the prime features in the PGMIL list of 
activities are the two National Conventions held each 
year under the guidance of the National Administra- 
tive Committee. The fifth National Convention to be 
held during the last week this June, in Washington, 
D.C., will be a three-day affair and will include tech- 
nical papers and exhibits by many of our industrial 
firms participating in the national military program. 
As in the past, we expect an eager, active turnout for 
a highly interesting series of papers on the many 
facets of military electronics. The Winter National 
Convention will be held in Los Angeles, in February, 
1962, for the benefit of our West Coast members 
and will also be patterned on the technical papers and 
industrial exhibits format. I need not elaborate on 
the fact that our success at these conventions has not 
been just a matter of high-quality papers and good 
attendance—they have also been financially success- 
ful and have contributed significantly to PGMIL’s 
fiscal well-being as of the close of this fiscal year. 
We are adequately prepared to support a full and ag- 
gressive program for the coming fiscal year. 

One of the first jobs will be to appoint the Chair- 
men to direct the activities of the five Standing Com- 
mittees prescribed by the By-Laws. Appointments 


will also be made from the National Administrative 
Committee roster for an Executive Committee to as- 
sist the National Chairman in matters not requiring 
the attention of the full Administrative Committee ; 
this Executive group will also act to coordinate mat- 
ters for clear and expedient presentation to the full 
National Committee. In this initial activity a schedule 
will also be established for visiting and assisting the 
Chapters in the various parts of the country. 

It is customary for a new Chairman to approach 
his task by boldly and clearly declaring his principal 
objectives for his coming year of tenancy. After 
some thought on this point, I find myself in the posi- 
tion of saying I’m going to do what Dr. Witting did, 
except I’m going to do it better—which is saying a 
lot, considering the excellent year we have had under 
Dr. Witting’s guidance. But outside of my solemn 
declaration to do just that, I do have some pertinent 
specifics I should mention: 

1) We should exploit our fine record in technical 
publications, Chapter activities and convention qual- 
ity to attract new members to PGMIL;; our goal will 
be 1000 new members in the next fiscal year. 

2) We should also take this opportunity to pro- 
mote establishment of new Chapters, particularly in 
those geographical areas where substantial military 
programs are in effect. 

3) Recognizing that the effective exchange of tech- 
nical information through our TRANSACTIONS, Chap- 
ter meetings and conventions has been our outstand- 
ing accomplishment, it will be my aim to promote 
still further this dissemination of pertinent informa- 
tion in military electronics; our effectiveness as a 
Group hinges directly on this important activity, and 
still better techniques and approaches to information 
dissemination should be explored. 

4) The participation of DOD agencies and de- 
partments in our publications and conventions has 
been an effective first-line source of technical infor- 
mation and should be encouraged. I will urge that 
our Committee consider other possibilities for such 
participation which will provide our Professional 
Group with still better inputs on military electronics. 

I look forward to an active and stimulating year 
for all of us and do urge those of you who feel you 
have constructive ideas that would promote our 
Group’s effectiveness and general welfare to write 
us about your suggestions. 


SSW IL, IDXepciaye 
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J. Earl Thomas, Jr. 


J. Earl Thomas, Jr. (SM’53), was born on Sep- 
tember 7, 1918, in Seattle, Wash. He received the 
B.A. degree in physics from Johns Hopkins Univer- 
sity, Baltimore, Md., in 1939, and the Ph.D. degree 
in physics from the California Institute of Tech- 
nology, Pasadena, in 1943. The topic for his Ph.D. 
dissertation was “Normal Energy Distribution of 
Photoelectrons from Sodium and Gallium.” 

During World War II he worked on Artillery 
rockets at the California Institute of Technology and 
with the Atomic Energy Project at Los Alamos, 
N.M. In 1946, he joined the staff of Massachusetts 
Institute of Technology, Cambridge, where he taught 
electrical engineering, and participated in design and 
construction of nuclear particle accelerators. On 
leave from M.I.T., he performed research and devel- 


opment on transistors at the Bell Telephone Labora- 
tories during 1951 and 1952, and directed semicon- 
ductor device research at Lincoln Laboratory during 
1954 and 1955. In 1955, he became Chairman of the 
Physics Department at Wayne State University, De- 
troit, Mich. He has also served as consultant for 
Raytheon Manufacturing Company, Bendix Avia- 
tion Corporation, Sylvania Electric Company, Inc., 
Power Equipment Company, and Fenwal, Inc. 

Since 1956, he has served as consultant to the De- 
partment of Defense in the capacity of Chairman of 
the Working Group on Semiconductor Devices, a 
branch of the Advisory Group on Electron Tubes. 

Dr. Thomas is a Fellow of the American Physical 
Society, and a member of Phi Beta Kappa, Tau Beta 
Pi, and Sigma Xi. 
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Guest Editorial 
J. EARL THOMAS, JR. 


NE continuous and consistent trend in the 
history of electronics has been the reduction 
in the size and weight of the assembly 


needed for any particular electronic job. This trend 
is continuing today 


even, possibly, accelerating— 
but each improvement comes as the result of intense 
coordinated effort, not from some dramatic “‘break- 
through.” If truth be sorted from exaggeration and 
from plain fiction, it is probably safe to predict that 
general developments in electronics, combined with 
miniaturization and cost reduction, will make possible 
electronic systems an order of magnitude more com- 
plex than those being designed today. Increased com- 
plexity demands size reduction, and there appears to 
be no reason why the purely electronic portions of 
such systems cannot be constructed in five or ten per 
cent of the space that today’s assembly techniques 
would require for the same functions. However, when 
further miniaturization is considered, various basic 
problems arise and the solutions do not all readily 
appear. 

This issue has been put together with the above 
thoughts as guidance. The order of the papers pro- 
ceeds from the general to the specific, from systems 
to techniques, to a certain extent from problems to 
solutions. No attempt has been made to present de- 
tailed technical predictions of the future of the art; 
instead, papers have been chosen which highlight 
the major problems to be overcome if microelectron- 
ics is to succeed, and which present solutions to the 
degree that solutions exist today. 

The issue starts with the paper of Angell, Widrow, 
and Pierce, and the paper of Suran. These are given 
first place since they cover the future of adaptive 
systems ; systems which, by nature, are highly com- 
plex and hence demand miniaturization. In addition, 
the first paper shows how redundancy with adapta- 
tion can overcome the reliability problem of ultra- 
complex systems. It is the Guest Editor’s opinion that 
without some form of adaptation via redundancy, 
microminiaturization will be largely wasted effort ; 
that advances in manufacturing technique alone can 
never make any system as complex as those currently 
contemplated for miniaturization reliable enough to 
function, let alone function satisfactorily. 

The papers of Meindel, of Taylor and Rosenberg, 
and of Coleman deal with the second vital problem 
of miniaturization, the disposal of heat. The serious- 
ness of this problem may surprise those who thought 


the heat problem vanished with the changeover from 
tubes to transistors. Unfortunately, it is back with 
us, because miniaturization per se does not signifi- 
cantly reduce the power requirements of a given 
electrical circuit. Indeed, if miniaturization requires 
broader tolerances on circuit components, the heat 
dissipation will rise. Interesting studies along this 
line have been done by Suran.t From his work and 
the work of others, one can form a rule of thumb 
that average power dissipation per circuit component 
will range from a few milliwatts to a few tens of 
milliwatts, and that this may well be an irreducible 
minimum regardless of component and circuit dimen- 
sions as long as familiar solid-state electronic princi- 
ples are used to perform system functions. Unless, 
and until, means are found for reducing the power in 
electronic assemblies, the packing density will be 
limited not by the size of the individual parts, but 
by the ability to remove heat from the completed 
system. 

With Gerhold’s paper we get into assembly tech- 
niques with a discussion of an advanced form of 
welding. Gerhold sets the background for his work 
with a review of miniaturization and some of its 
problems. It is commonly believed that soldering is 
not sufficiently reliable for joints in ultra-complex 
systems, and that welding or some other high- 
temperature joining method will have to be used. 

Schnepple’s paper describes the solid progress made 
in miniaturizing and producing those vital active 
devices for circuits—transistors and diodes. It seems 
somewhat odd that active components are now smaller 
that most passive elements. This suggests that one 
fruitful area for work has been somewhat neglected. 

The paper by Dill offers solutions to one of the 
miniature circuit designer’s most nagging problems— 
how to put large inductances or simulated inductances 
in small space. While there is a real limit to the 
energy storage density in magnetic material—which 
implies that LI? cannot be miniaturized much below 
today’s level—many applications of inductance re- 
quire only delay or phase shift and this can be ob- 
tained by using various combinations of active and 
passive elements as Dill shows. The primary prob- 
lem he sets is not merely to find something which 
exhibits an inductive effect, but something which will 


1J. J. Suran, “Circuit considerations relating to micro- 
electronics,” Proc. IRE, vol. 49, pp. 420-426; February, 1961. 
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exhibit the stability and other performance factors 
the circuit designer needs. This is a commendable 
point of view which could well be adopted by many 
other authors who write of new effects in solid-state 
electronics. 

So much is being said about the active part of 
miniaturization that the bulky passive parts some- 
times get overlooked. In the paper by Henderson, 
Earl, and Kyratzis, we see that progress has been 
good in at least one passive portion of the comput- 
ing system, the ferrite memory. 

Finally, in the paper by Lally and Maloff, we see 
that special system requirements can place very spe- 
cial restrictions on the form which miniaturization 
takes. One wonders whether there may not eventually 


be many other systems for which no presently envi- 
sioned form of microelectronics will be suitable. It 
may even be that the best form of miniaturization in 
the long run will prove to be not the smallest, but the 
most flexibly adaptable. 

In any case, there needs to be far more thought 
given than heretofore to exactly how miniaturization 
will be used, particularly in military systems. How 
much, for example, is it worth trading maintaina- 
bility and retrofit-ability for size? What parts of 
what systems need miniaturization and how much? 
What will be done to dispose of the heat generated in 
the electronics? With answers to such questions as 
these available, the task of miniaturization could pro- 
ceed more rapidly and with fewer false starts. 


July 
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Birth, Life, and Death in Microelectronic Systems* 


B. WIDROW}#, MemBER, 1RE, W. H. PIERCE, anp 
J. B. ANGELL}, SENIoR MEMBER, IRE 


Summary—In order to exploit the technological promises of 
microelectronics, electronic system techniques must be developed 
so that defective portions of a system can be tolerated without 
system malfunction. Such defects might be introduced during 
manufacture (at birth), or cause errors during operation (life). 
The number of permanent failures which could be endured by 
a system before it fails completely will determine its lifetime 
(death). 

In this paper, an adaptive vote-taker is proposed which com- 
pares the outputs of paralleled (redundant) system parts in a 
binary system and determines the most probable answer based 
on past performance of the separate parts. Initially, the vote- 
taker assigns equal significance to each redundant part, and (in 
a binary system) requires that a simple majority of the parts 
be correct. With experience, the vote-taker continually reduces 
the weight (significance) of the outputs from those parts that 
make mistakes, thereby gradually eliminating the defective 
parts. Thus the vote-takers (which also may be paralleled if 
they are unreliable) act as automatic repairmen which delete 
defective parts of a system. System dependability and life 
expectancy can be made to exceed the dependability and average 
life expectancy of the component parts. 

The heart of an adaptive vote-taker is an element providing 
variable gain with memory. A variable resistor with memory 
(memistor), which uses electrochemical deposition or removal 
of copper to achieve the variable memory, has been successfully 
applied to this function. 


INTRODUCTION 


ANY techniques for shrinking the size, weight, 
and power consumption of electronic compo- 
nents, circuit assemblages, and functional units 

have been proposed, demonstrated, and exploited in recent 
months. In some cases, individual components retain their 
separate identities, and are interconnected by relatively 
standard, although sophisticated, wiring techniques. In 
certain of the more far-reaching approaches, a number of 
recognizable devices are combined into an integrated 
structure or array, or even into a complex structure in 
which the interconnecting medium between the devices 
contributes to the electrical properties of the structure.” * 
Even more elegant, although speculative, techniques have 
been proposed in which large numbers of components are 
formed en masse in thin-film patterns on appropriate sub- 


* Received by the PGMIL, April 24, 1961. The work reported 
here was performed in part under joint support of the U. S. Army 
Signal Corps, the USAF, and the U. S. Navy (Office of Naval 
Research) under Contract No. 225 (24). NR 373 360, and in 
part under AF Contract No. AF33(616)-7726 with Wright Air 
Dev. Div. 

+ Stanford Univ., Stanford, Calif. : 

1M. M. Perugini, and N. Lindgren, “Microminiaturization,” 
Electronics, vol. 33, pp. 78-108; November 25, 1960. : 

271. A. Lesk, et al., “A categorization of the solid-state device 
aspects of microsystems electronics,” Proc. IRE, vol. 48, pp. 1833- 
1841; November, 1960. : . 

27. T. Wallmark, “Design considerations for integrated elec- 
tronic devices,” Proc. IRE, vol. 48, pp. 293-300; March, 1960. 


strates by evaporative or ion-beam deposition or by elec- 
tron-beam micromachining.’* Thus, technological skills 
are leading us toward ever-increasing density of compo- 
nents with decreased cost per component. 

One of the great hopes for microelectronics technology 
is that it will provide improved dependability of highly 
complex electronic systems. It is thought that this im- 
provement will be the result of one or more of the follow- 
ing factors: 

1) eliminating, or greatly reducing, the number of 
mechanically made electrical connections within a 
system, 

2) increasing component uniformity during manufac- 
ture, 

3) taking advantage of the ease of isolating physically 
small systems from damaging environments, and 

4) exploiting the ease with which large numbers of 
moderately reliable components might be manufac- 
tured in systems whose reliability is ensured through 
a reasonable amount of redundancy. 


A part of this paper is concerned with the application of 
adaptive techniques to redundant systems in order to en- 
hance the effectiveness with which redundancy improves 
dependability. How such techniques might be used to create 
systems which are trained by experience, rather than de- 
signed explicitly to perform given tasks or to tolerate low 
component yield at manufacture, is also considered. Fi- 
nally, consideration is given to the characteristics of com- 
ponents out of which such adaptive systems could be 
built, and examples of devices showing the desired charac- 
teristics are discussed. 

The birth of an electronic data-processing system is 
achieved when the system components or parts are so as- 
sembled that the desired system performance is obtained. 
With present-day design and assembly techniques, this 
achievement demands that the individual parts all function 
and be flawlessly interconnected. With appropriate re- 
dundancy,® majority vote,° or weighted vote,’ the need for 
initial perfection is considerably relaxed. 


‘Kk. R. Shoulders, “On microelectronic components, intercon- 
nections, and system fabrication,” Proc. Western Joint Computer 
Conf., San Francisco, Calif., May 3-5, 1960; pp. 251-258. 

5C. E. Shannon and E. F. Moore, “Reliable circuits using less 
reliable relays,” J. Franklin Inst., vol. 262, pp. 191-208, 281-297; 
September and October, 1956. 

®J. yon Neumann, “Probabilistic logics and the synthesis of 
reliable organisms from unreliable components,” Automata Studies, 
Princeton University Press, Princeton, N.J.; 1956. 

™W.H. Pierce, “A Proposed System of Redundancy to Improve 
the Reliability of Digital Computers,’ Stanford Electronics Labs., 
Stanford, Calif.; Tech. Rept. No. 1552-1; July, 1960. 
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During life, the possibility of random errors in the 
signals of a data-processing system can be greatly dimin- 
ished through the use of paralleled (redundant) systems 
or parts, particularly if the system is continually adapted 
so as to place little confidence in those parts which are most 
inclined to make mistakes.® 

At death, a system is incapable of further correct func- 
tioning. With present-day nonredundant design, the fail- 
ure of any component would cause the death of the system, 
were it not for the external substitution of replacements. 
The use of redundancy or redundancy plus adaptation can 
greatly defer the death of a system in’ which individual 
parts or subsystems cannot be replaced. 

Various schemes for effecting birth, postponing death, 
and providing dependable life of a large data-handling 
system have been proposed recently.® For a system of re- 
lays, the use of redundant relay contacts in series, parallel, 
or lattice connections (the most suitable connections can be 
prescribed from statistical knowledge of the manner in 
which component failures occur) was described by Shan- 
non and Moore.’ The majority vote-taker of von Neumann 
can be used in a binary data-processing system to given 
correct signals at any point of a redundant system pro- 
vided the majority of inputs to the vote-taker are correct.® 
The adaptive vote-taker described here is a more elegant 
(often optimum) decision element for exploiting redun- 
dancy efficiently. The use of redundant systems (complete 
machines) was considered by Rosenheim and Ash, who 
compared the advantages of keeping one or more duplicate 
machines inactive, but ready for operation, with the 
advantages of running redundant machines independently 
and switching outputs when one fails.?° 

We are not yet prepared to prescribe quantitatively the 
level (components, subsystems, or complete systems) at 
which redundancy can be applied most efficiently. If one 
considers only the statistics of the problem, and ignores 
relative costs, it is probable that, with adaptive vote-takers, 
the size of individual subassemblies should be such that 
their reliability is comparable with that of the vote-taker ; 
the various economic factors involved could appreciably 
alter this conclusion. Flehinger has shown that the reli- 
ability improvement depends more on the degree of redun- 
dancy than on the system level at which redundancy is 
applied when the individual parts are very reliable; when 
the parts are unreliable, redundancy must be applied at the 
level of relatively small subsystems. 

Improved system dependability is not the only promise 
of adaptive logic in microelectronics. Of equal intrigue are 
the possibilities of systems whose function can be con- 


*It is not the intent of this paper to propose that an adaptive 
vote taker would necessarily provide an optimum political system 

*J. J. Suran, “Use of passive redundancy in electronic systems,” 
this issue pp. 202-208. 

*D. E. Rosenheim and R. B. Ash, “Increasing reliability by 
the use of redundant machines,’ IRE Trans. on ELEctronic Com- 
PUTERS, vol. EC-8, pp. 125-130; June, 1959. 

“B. J. Flehinger, “Reliability improvement through redundancy 
at various system levels,” JBM J. Res. and Dev., vol. 2, pp. 148- 
158; April, 1958. 
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tinually altered to optimize their performance on the basis 
of the statistics of past experience (for example, adaptive 
pattern recognizers) and of systems that are initially 
trained by experiences, rather than designed, to their de- 
sired function. The latter possibility is appealing not only 
because it implies that systems could be trained to ignore 
manufacturing defects, but that various system functions 
could be achieved using similar, or even the same, micro- 
electronic fabricating facilities. 

The heart of the system philosophies proposed in this 
paper is an adaptive vote-taker, whose function is to deter- 
mine whether or not the weighted sum of its input signals 
exceeds a given threshold. The vote-taker comprises vari- 
able-gain (weighting) elements plus a summing element 
and a threshold detector. The vote weight assigned to each 
input must be stored in the vote-taker, thereby giving it 
memory. It is most desirable that permanent, analog quan- 
tities be remembered (stored), although transient or 
quantized memories might have economic advantages and 
be functionally adequate. Permanent, analog memory prob- 
ably cannot be achieved electronically, except possibly via 
the persistent current stored in a superconducting ring; 
more likely, ionic or magnetic effects involving the transla- 
tion or rotation of atoms will prove optimum for providing 
such memory. Certain electrochemical and magnetic phe- 
nomena described below have already been studied and 
look promising ; however, much remains to be done before 
the function of variable gain with memory can be achieved 
dependably and economically. 

For microelectronic applications, the average power 
dissipation per element should be extremely small. This 
rule also applies to the variable-gain elements of an adap- 
tive system, with the possible exception that during adapta- 
tion (which would typically occur infrequently during 
operation) higher power levels could be applied to the 
variable-gain elements. Fortunately, the redundancy and 
adaptation introduced to expedite birth and postpone death 
of an adaptive system also provide protection from random 
errors during operation. Consequently, the circuits in such 
a system can operate with a lower signal-to-noise ratio 
than those of a nonredundant system, so that the average 
power dissipation per component is correspondingly re- 
duced. 


IMPROVED DEPENDABILITY WITH REDUNDANCY 
PLUS ADAPTATION 


When redundant digital circuits are used in an appro- 
priate configuration, yield factors can be made arbitrar- 
ily close to 100 per cent and error rates can be made 
arbitrarily close to zero, regardless of system complex- 
ity. In these configurations, restoring organs provide 
reliable output information from redundant but less 
reliable input information. Restoring organs were first 
proposed by von Neumann, who defined their function, 
indicated their placement in redundant systems, and 
demonstrated their universality in digital networks.® 
Let p be the number of circuits in a redundant network 
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Fig. 1—A restoring organ using decision elements, The redundant 
information on the input lines on the left is used to make more 
reliable information on the output lines on the right. 


in which the same digit is independently computed; p 
will be called the redundancy of the circuit. A restoring 
organ is a circuit with p redundant inputs and p re- 
dundant outputs. The function of the restoring organ is 
to use the redundant information in the p inputs, each 
of which is the same digit, to make each of the p outputs 
more reliable. 

The internal structure of a restoring organ need not be 
the complicated structure proposed by von Neumann. 
Simple restoring organs may be composed of decision 
elements, as shown in Fig. 1. Each decision element fur- 
nishes one of the outputs of the restoring organ. Every 
decision element uses information from each input, thereby 
making efficient use of the redundant information in the 
inputs. To construct a redundant circuit from a circuit 
without redundancy, insert p separate logical devices where 
one appears in the original. Then insert a restoring organ 
after each of the logical operations. The simple circuit of 
Fig. 2(a) is made redundant, as shown in Fig. 2(b), using 
the restoring organs illustrated in Fig. 1. The arrangement 
permits unreliable decision elements to be used because an 
error in a decision element can introduce no more errone- 
ous information in the circuit than an error in the circuit 
which follows the decision element. 

The simplest decision element for binary systems is a 
Majority-rule circuit. When each of the inputs to a 
majority-rule decision element has error probability \, 
the probability that a majority of independent inputs 
will be in error, Ap, (assuming p odd) is the following 
sum of terms of the binomial distribution: 


p 
eee 
( 2 


(p—1) /2 


Nite 


n=0 


[1 — A] (1-2) /2y (o+1420)/2_ (4) 


Xp is bounded from below by the term for n=0. Ap can 
be bounded from above by an infinite geometric series 
in which the kth term is [\/(1—)])*-! times the term 
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(a) 


(b) 


Restoring Organ 


Fig. 2—Placement of restoring organs in a redundant circuit, 
illustrated for a simple tree circuit. (a) Arrangement without 
redundancy. (b) Arrangement with redundancy. 


for 2=0. Therefore, for \ <0.5, 
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The logarithm of Xp is plotted in Fig. 3 vs the redun- 
dancy p for several values of \. In order to give an idea 
of the error probabilities involved, the mean time be- 
tween errors has been plotted on the right side of the 
graph, assuming 10° calculations per second. When each 
input makes one error in 200, note that the mean time 
between errors in the output decision is a century with 
a redundancy of only 15. 

If the inputs to a decision element are not all equally 
reliable, an improvement in system reliability may be 
obtained by distinguishing between inputs with dif- 
ferent error probabilities. Pierce has shown that the 
binary number which is more likely to be correct may 
be obtained from independent inputs by a circuit which 
takes a weighted vote, such as is shown in Fig. 4.7 Let x; 
be the binary digit, +1 or —1, which is on the 7th 
input. Each value of x; is multiplied by a; in the device 
shown as a circle, giving the output x,a;. The values 
x,a; are summed in the summing device, shown with a 


SS so that 


p 
output of summing device = ap + >> ajay. (3) 
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Fig. 3—Logarithm of error probability of majority-vote vs redun- 
dancy, for inputs with error probability 4, for odd p. The time 
scale gives mean interval between errors for 10° calculations per 
second. 
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Fig. 4A linearly separable decision element. 


If the output of the summing device is positive, the non- 
linear device causes the value of output decision to be +1; 
if the output is negative, the nonlinear device causes the 
output decision to be —1. If the weighting factors a; are 


p(ith input is correct) 
‘ 


p(ith input is noe 
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and the bias term a, (which depends on relatively how 
often +1 is the correct answer) is” 


(S) 


a priori probability of +1 
a priori probability of —1 


then the output decision will be the binary digit more 
likely to be correct.*’ 

The decision element of Fig. 4 can be made adaptive by 
circuits which estimate the probabilities in the expression 
for the optimum aj, and then use this estimate to adjust 
the actual vote weights in the decision element. Defective 
inputs are automatically eliminated from the vote by 
being given a vote weight of zero. In general, the more 
reliable inputs to a decision element are given greater votes. 

The error probabilities of each input to a decision ele- 
ment can be estimated by counting errors between each 
input and the correct answer. The correct answer could 
be supplied initially for this purpose. However, if the out- 
put decision of the decision element is very reliable—as it 
would be in a digital computer—then the output decision 
could be used as if it were the correct answer for the 
purpose of counting errors. Thus, a decision element with 
inputs which are initially very reliable could maintain a 
reliable output as the inputs fail one by one. Whenever an 
input failed, it would disagree with the output decision of 
the majority, and thereby classified as defective and be 
given a vote weight of zero. 

Adaptation often may be exchanged for redundancy, and 
vice versa, without change of reliability. The rate of ex- 
change will be discussed quantitatively in Appendix I. 

The initial yield and the expected lifetime of a redun- 
dant system depend upon the complexity of the system, 
the amount of redundancy, and the type of adaptation 
used, if any. For instance,* consider a system with 100 
different stages, each of which must work for the system 
to work. Assume the probability that any stage works is 90 
per cent. Without redundancy, the probability of success- 
ful manufacture is 2.7 X 10°. When majority-rule deci- 


IN Bayes’ decision (assuming zero loss for a correct output 
decision) is made by adding the log of the ratio of relative losses 
for incorrect decisions. 

‘8 The proof is based upon the following equation for conditional 
probabilities: 


pla | Ay Rh A,B, oe Ibe) po(x) 
log —- = log ——— 
b(@| Ars ++ AnBr+ ++ Bn) po(*) 
4 ss ge Baals correct) s pe p(B; ss correct) 
=I p(4A; is incorrect) 7 p(B; is incorrect) 


where x is any Boolean proposition (here x =“-+-1 is correct”) 


& is the complement of x (here #= “—1 is correct”) 
1+ ++ A, are observations favorable to x 

B,.... By are observations favorable to &. 

bo(x) is the a priori probability of x 

po(&) is the a priori probability of &. 


Assuming independence of errors in the inputs, the equation fol- 
lows from manipulation with conditional probabilities (Bayes’ 
Law) and the simple properties of logarithms. 

“ The examples are special cases of the combinatorial formulas 
of Appendix I. 


of system survival 


Probability 


Time 


Fig. 5—Survival Probability as a function of time for a system of 
100 stages, with a redundancy of p, using majority-rule deci- 
sion elements. Each stage has survival probability e7‘. 


sion elements are used, a redundancy of 3 gives a prob- 
ability of successful manufacture of 0.058, while a redun- 
dancy of 9 gives 0.90. If adaptive decision elements which 
require only one good input are used, a redundancy of 3 
gives a probability of successful manufacture of O18 
while a redundancy of 9 gives a probability of 1 — 10°. 


The lifetime of a system with many different stages - 


is extended by the use of redundancy; the lifetime may 
be extended even beyond the median lifetime of each 
component if adaptation is also used. For example, as- 
sume that a system with 100 stages is made from stages 
which have a survival probability of e-'. The survival 
probability of a system which uses majority-rule deci- 
sion elements is shown as a function of time in Fig. 5 for 
p=3 and p=9; the system without redundancy is shown 
by the curve labeled p=1. A system which uses per- 
fectly adaptive decision elements, which require only 
one good input, has the survival probability shown in 
Fig. 6. Redundant systems have an initial period of high 
reliability, which makes them especially valuable in 
critical applications. The curves from Figs. 5 and 6 
have been replotted in Fig. 7 on logarithmic scales in 
order to demonstrate this fact. 

The compound problem of initial yield and lifetime 
can be treated simultaneously. Suppose the system with 
100 stages has an initial yield probability of 95 per cent 
per stage, and a survival probability of e~“/* thereafter. 
The system can be analyzed using Figs. 5, 6, and 7, by 
letting the time on these figures be a variable ¢’, where 
t'=t/r—In 0.95. Thus, at ¢=0, Fig. 5 shows the prob- 
ability that the nonredundant system has survived 
manufacture is below 0.2 (actually it is 0.006), while the 
probabilities that the majority-rule systems have sur- 
vived manufacture are 0.55 for p=3 and 1—0.003 for 
p=9. The adaptive systems have yields of 1—7 107+ 
for p=3 and 1—4X10-* for p=9. Given the fact that 


* This assumption is not necessarily impractical. External cor- 
rect signals could be supplied temporarily in order to find the 
correct inputs to a decision element, even when they are in the 
minority. 
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Fig. 6—Survival probability as a function of time for a system 
of 100 stages, with a redundancy of p, using perfectly adaptive 
decision elements. Each stage has survival probability e-*. 


Probability that system failed 


100 


Time 


Fig. 7—Logarithmic plots which show the high reliability of re- 
dundant, and redundant-adaptive systems during the initial part 
of lifetime. All curves are for a system of 100 stages with a 


redundancy of p, connected by decision elements, assuming each 
stage has survival probability e-*. 


Curve 1—p=3, majority-rule decision elements; curve 2—p 
= 9, majority-rule decision elements; curve 3—p = 3, perfectly 
adaptive decision elements; curve 4—p =9, perfectly adaptive 
decision elements. 


the systems survived manufacture, the median lifetime 
of each system is 7 times the interval between In 
(1/0.95) and the value of time on the graphs for which 
the survival probability is 0.5 times the probability of 
surviving manufacture. Thus the majority-rule systems 
which survived manufacture would have a median life- 
time of 0.0157 for p =3, and 0.127 for p=9. The adaptive 
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systems would have a median lifetime of 0.167 for p=3, 
0.807 for p=9, and 1.727 for p=27. 


ADAPTIVE LOGIC 


In the previous section, it was seen that adaptive de- 
cision elements, also called vote-takers, dispersed through- 
out microelectronic systems, are like automatic repairmen 
constantly on duty in their respective locales, always ready 
to delete parts that become defective. This type of self- 
repair makes optimal use of the remaining functioning 
components, and is especially applicable to systems of fixed 
logical structure. A new type of logic, adaptative logic, is 
being devised and promises to play a significant role in 
the future development of computers. This type of logic 
is not designed in detail in the usual way. Instead, it can 
learn to function by being trained by the designer, or it can 
spontaneously learn from its environment. In a sense, such 
systems are inherently reliable. They can adapt to their 
own internal failures. Systems containing adaptive vote- 
takers are bridges between conventional fixed-logic systems 
and systems adaptive “from the ground up.” 

A self-contained automatically-adapted logical element 
called the ADALINE “neuron’’!®** has been developed for 
pattern-recognition systems and as a basic element for 
adaptive logical circuits. This element would serve directly 
as an adaptive vote-taker, and such an application is dis- 
cussed in detail below. A schematic of ADALINE is 
shown in Fig. 8. (Note the similarity to the decision ele- 
ment of Fig. 4). It represents a flexible threshold-logic 
circuit having input lines, a single output line, and an input 
line, called the “desired output,” which is actuated during 
training only. 

The binary input signals to ADALINE have values of 
+1 or —1, rather than the usual values of 1 or 0. Within 
the neuron, a linear combination of the input signals, each 
of which is multiplied by a certain weighting factor, is 
formed. The weights are the gains Qj, dz, ..- Gn, which can 
have both positive and negative values. The output signal 
is +1 if the weighted sum is greater than a certain thresh- 
old, and —1, otherwise. The threshold level is determined 
by the setting of a, whose input is permanently connected 
to a +1 source. Varying a) varies a constant added to the 
linear combination of input signals. 

For fixed gain settings, each of the 2” possible input 
combinations would cause either a +1 or a —1 output. 
Thus, all possible inputs are classified into two categories. 
The input-output relationship is determined by choice of 
the gains dy, a1, . . . Gm. In the adaptive neuron, these gains 
are set during the training procedure. 

In general, there are 2” different input-output rela- 
tionships, or truth functions, by which the binary 


%PB Widrow and M. E. Hoff, “Adaptive switching circuits,” 
1960 WESCON ConvenTIoN Recorp, pt. IV, pp. 96-104; August, 
1960. 

7B Widrow and M. E. Hoff, “Adaptive Switching Circuits,” 
Stanford Electronics Labs., Stanford Univ., Stanford, Calif. 
Tech. Rept. No. 1553-1; June, 1960. 
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Fig. 8—Block diagram of the adaptive ADALINE neuron. 


input variables can be mapped into a single binary out- 
put variable. Only a subset of these relationships, the 
linearly separated truth functions,’ can be realized by a 
single neuron of the form shown in Fig. 8.19 Although 
this realizable subset is not all-inclusive, it is a very 
useful subset, and it is “searchable,” in that optimum 
gain settings for a given truth function can usually be 
found by a convergent iterative process. 

Application of this neuron in adaptive pattern classifiers 
was first made by Mattson.?°?! He has shown that com- 
plete generality in choice of switching function could be 
achieved by combining these neurons. He devised an itera- 
tive digital computer routine for finding the best set of a’s 
for the classification of noisy geometric patterns. An itera- 
tive procedure having similar objectives has been devised 
by Widrow and Hoff and is described next. This pro- 
cedure is simple to implement, and can be analyzed by 
statistical methods that have been developed for the analy- 
sis of adaptive sampled-data systems.” 


An Adaptive Pattern Classifier 


An adaptive pattern-classification machine has been con- 
structed for the purpose of studying and illustrating adap- 
tive behavior and artificial learning. It represents a single 
manually-adapted ADALINE neuron. A photograph of 
this machine is shown in Fig. 9. 

During training, crude geometric patterns are fed to the 
machine by setting the toggle switches in the 4 * 4 input 
switch array. Setting another toggle switch (the reference 


*R. McNaughton, “Unate Truth Functions,” Appl. Math. and 
Statistics Lab., Stanford Univ., Stanford, Calif., Tech. Rept. No. 
4; October, 1957. 

* As an example of a truth function which cannot be realized, 
no combination of gains do, a, and ad in a two-input neuron could 
give a +1 output with inputs —1, —1 and +1, +1 while giving a 
—1 output with inputs +1, —1 and —1, +1. Indeed, as n becomes 
large, the fraction of all possible truth functions which a single 
neuron can realize becomes exceedingly small. 

*R. L. Mattson, “The Design and Analysis of an Adaptive 
System for Statistical Classification,” M.S. Thesis, Elec. Engrg. 
Dept., Mass. Inst. Tech, Cambridge, Mass.; May 22, 1959. 

“R. L. Mattson, “A self-organizing logical system,” Proc. East- 
Bas See Computer Conf., Boston, Mass., December 1-3, 1959; pp. 

*“@B. Widrow, “Adaptive sampled-data-systems—a statistical 
ee adaptation,” 1959 WESCON Convention Recor», pt. 4, 
pp. : 
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Fig. 9—A manually-adapted ADALINE neuron. 


switch) tells the machine whether the desired output for 
the particular input pattern is +1 or —1. The system 
learns something from each pattern and. accordingly ex- 
periences a design change. The machine’s total “experi- 
ence’ is stored in the values of the weights ap... ays. The 
machine can be trained on undistorted noise-free patterns 
by repeating them over and over until the iterative search 
process converges, or it can be trained on a sequence of 
noisy patterns on a one-pass basis such that the iterative 
process converges statistically. Combinations of these 
methods can be accommodated simultaneously. After train- 
ing, the machine can be used to classify the original pat- 
terns and noisy or distorted versions of these patterns. 

Details of the iterative searching routine used to train 
the manually adapted ADALINE are given in Appendix 
II. The iterative routine described there is purely mechani- 
cal, and requires only adherence to a fixed set of rules. 
Electronic automation of this procedure, to get the com- 
pletely self-adaptive ADALINE neuron of Fig. 8, will be 
discussed below. 


Statistical Theory for the Adaptive Neuron Element 


The statistical theory which led to the highly successful 
iterative searching routine, described in Appendix II, used 
to train ADALINE is derived in detail.1°17 Appendix III 
summarizes the results of this theory, which shows that 
the training procedure described in Appendix II converges 
toward those gain settings, a... @n, which minimize the 
mean of the square of the neuron errors, e, of Fig. 10, 
for all the patterns on which the neuron has been trained. 

It is also possible to predict how much training a neuron 
needs before it will have reached its optimum state for 
handling a given set of input patterns. One can even show, 
statistically, how much worse than optimum the neuron is 
after any number of training experiences. To this end, it 
is useful to define a dimensionless parameter M/, the “mis- 
adjustment,” as the ratio of the excess error probability 
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Fig. 10—Relations between actual neuron errors and 
measured errors. 


to the minimum error probability. 17 = 0 implies a per- 
fectly adjusted neuron, and 17 = 1 implies a neuron that 
makes twice as many errors as the optimum neuron. M 
is a measure of how an adaptive system performs, on the 
average, after adapting transients have died out, compared 
to a fixed system whose design is optimized based on per- 
fect statistical knowledge. Misadjustment formulas devel- 
oped for adaptive sampled-data systems”? may be applied 
to the adaptive neuron. 

Simulation tests have shown that the misadjustment 
formulas are highly accurate over a very wide range of 
pattern and noise characteristics. A description of a typical 
experiment and its results is given in Fig. 11. Noisy 3 X 3 
patterns were generated by randomly injecting errors in 
ten per cent of the positions of the four “pure” patterns, 
X, T, C, J. The best system, arrived at by slow precise 
adaptation on the full body of 100 noisy patterns, was able 
to classify these patterns as desired except for twelve 
errors. The gains were then set to zero and ten patterns 
were chosen at random. The best system for these patterns 
was arrived at and tested on the full body of 100 patterns. 
Twenty-five classification errors out of 100 were made. 
The misadjustment was 108 per cent. The experiment was 
repeated three more times, and the misadjustments that 
resulted, in order, were 58 per cent, 67 per cent and 133 
per cent. Since V = 10 patterns and n = 9 input lines, the 
expected misadjustment was, using the following formula 
for the theoretical misadjustment, 

m+ 1 
hi LOO PEL CON, 
An average taken over the four experiments gives a meas- 
ured misadjustment of 91.5 per cent, a close agreement. 

The adaptive neuron can thus adapt to the job of pattern 
classification after seeing a very few patterns. A mis- 
adjustment of 20 per cent is reasonable in many applica- 
tions. To achieve this, all one has to do is to supply the 
adaptive classifier with about five times as many patterns 
as there are input lines, regardless of how noisy the pat- 


terns are and how difficult the “pure’’ patterns are to 
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Fig. 11—Experimental adaptation on noisy 3 X 3 binary patterns. 
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separate. Although the misadjustment formulas were 
derived for the specific classifier consisting of a single 
adaptive neuron, it is suspected that the following “rule of 
thumb” will apply well to a variety of adaptive classifiers: 
the number of patterns required to train an adaptive clas- 
sifier is equal to several times the number of bits per pattern. 


Networks of Adaptive ADALINE Neurons 


Pure patterns and their noisy versions which are lin- 
early separable are readily classified by the single neuron. 
Nonlinearly separable pure patterns and their noisy equi- 
valents can also be separated (as in the experiment of Fig. 
11) by a single neuron, but absolute performance can be 
improved and the generality of the classification scheme 
can be greatly increased by using more than one neuron. 

Two ADALINES were combined by using the follow- 
ing adaptation procedure: if the desired output for a given 
input pattern applied to both machines was —-1, then both 
machines were adapted in the usual manner to ensure this; 
if the desired output was +1, the machine with the smallest 
measured error e was assigned to adapt to give a +1 out- 
put while the other machine remained unchanged. If either 
or both machines gave outputs of +1, the pattern was 
classified as +1. If both machines gave —1 outputs, the 
pattern was classified as —1. 

This procedure assigns specific “responsibility” to the 
neuron that can most easily assume it. If, at the beginning 
of adaptation, a given neuron takes responsibility for pro- 
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ducing a +1 with a certain input pattern, it will invariably 
take this responsibility each time the pattern is applied 
during training. Notice that it is not necessary for the 
teacher to assign responsibility. This is done by a purely 
mechanical “job assigner.” The combination does this 
automatically and requires only input patterns and the 
associated desired outputs, like the single neuron. 

Various classification problems could be solved simul- 
taneously by multiplexing neurons or combinations of neu- 
rons. One neuron might be trained to decide whether the 
man in a given picture does or does not have a green tie, 
while another neuron or combination could be trained to 
decide whether or not the man has a checkered shirt. Each 
neuron or combination has its own output line, and each is 
fed the appropriate desired output signal during training. 
The input signals are common to all neurons. In this way, 
it is possible to form adaptive classifiers that can separate, 
with great accuracy, large quantities of complicated pat- 
terns into many output categories. Each neuron becomes 
a “specialist” in classifying certain types of patterns. 


ADALINE as an Adaptive V ote-Taker 


Vote-taking is actually a form of pattern recognition. 
The array of output signals arising at each calculation 
cycle from a set of voters comprises a spatial pattern which 
the vote-taker must classify (which the adaptive vote-taker 
must learn to classify) and deliver an output decision. The 
ADALINE neuron, utilizing the above-described adapta- 
tion procedure, has been applied directly to the job of 
adaptive vote-taker. Its performance closely approximates 
the ideal (whose structure is based on sureness information 
measurements), and is simple to implement physically. The 
training of the adaptive vote-taker is a continuous process. 
The “correct” decision is injected at the “desired output” 
point (Fig. 8). The changes in weight values per computa- 
tion cycle are made to be exceedingly small. In a practical 
situation, the time constant of the adaptation process 
would be of the order of magnitude of the average interval 
between component failures. 

The “correct” decision signal could be supplied exter- 
nally to permit adapting on check programs. An alternative 
method would derive this signal from the output decision 
of vote-taker itself. In Fig. 8, the “desired output” point 
would be connected to the neuron output in a “bootstrap” 
feedback arrangement. This alternative is the more attrac- 
tive, since it does not require external signals to be sup- 
plied to vote-takers dispersed throughout a system, and 
since adaptation is possible during normal productive sys- 
tem operation. The bootstrap arrangement introduces a 
stability problem however. Long chains of random errors 
could cause the vote-taker to adapt to produce consistently 
incorrect results. This can be prevented by setting the vote 
weights initially to produce correct results, and by making 
the adaptation process a very slow one. In system design, 
the chief problem is to choose a time constant of adapta- 
tion long enough to prevent instability and, at the same 


time, short enough to weed out components as they become 
defective. 
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Realization of Automatic Adaptive Neurons by Chemical 
“Memistors” / 


The structure and the adaptation procedure of the 
ADALINE neuron are sufficiently simple that an elec- 
tronic fully-automatic neuron is being developed. The ob- 
jective is a self-contained device, like the one sketched in 
Fig. 8, that has many signal input lines, a “desired output” 
input line (which is actuated during training only), an 
output line, and a power supply. The device itself should 
be suitable for mass production, should contain few parts, 
and should be reliable. 

To have such an adaptive neuron, it is necessary to be 
able to store the gain values, analog quantities which could 
be positive or negative, in such a manuer that these values 
can be changed electronically. 

A new circuit element called the memistor (a resistor 
with memory) has been devised by Widrow and Hoff 
for the realization of automatically adapted ADALINE 
neurons.** A memistor provides a single variable gain. 
Each neuron therefore employs a number of memistors 
equal to the number of input lines plus one. 

A memistor consists of a conductive substrate with 
insulated connecting leads, and a metallic anode, all in an 
electrolytic plating bath. The conductance of the element is 
reversibly controlled by electroplating. Like the transistor, 
the memistor is a 3-terminal element. The conductance 
between two of the terminals is controlled by the time 
integral of the current in the third, rather than by its in- 
stantaneous value as in the transistor. Reproducible ele- 
ments have been made which are continuously variable 
(thousands of possible analog storage levels), and which 
vary typically in resistance from 100 ohms to 1 ohm, and 
cover this range in about 10 seconds with several milli- 
amperes of plating current. Adaptation is accomplished by 
direct current, while sensing the neuron logical structure is 
accomplished nondestructively by passing alternating cur- 
rents through the array of memistor cells, 

A circuit for a memistor ADALINE is shown in Fig. 
12. Notice the schematic symbol for the 3-terminal memis- 
tor. This circuit presumes that the neuron input signals are 
applied by means of switches, and that the over-all direc- 
tion and extent of adaptation are controlled manually. The 
direction in which each memistor should be adapted (plated 
or stripped) is determined by the algebraic product of the 
error signal multiplied by the particular input signal. This 
product, and hence the direction of adaptation, is effected 
by the joint action of the adaptation control switch and a 
gang of each pattern switch, as is shown in Fig. 12. 

In the circuit of Fig. 12, the effect of positive and nega- 
tive gain values is obtained by balancing the memistor 
against a fixed resistor in a bridge arrangement. The sens- 
ing of the gain is done by applying an ac voltage to the 
memistor, and another ac voltage with a 180-degree phase 
difference to the fixed resistor. The currents are propor- 


**B. Widrow, “An adaptive ADALINE Neuron Using Chemi- 
cal Memistors,” Stanford Electronics Labs., Stanford Univ., Stan- 
ford, Calif., Tech. Rept. No. 1553-2; October, 1960. 


Widrow, et al.: Birth, Life, and Death in Microelectronic Systems 


199 
eats on off on 
Adaptation 
control 
Reference 
resistor 
Pattern lati 
switches Cog nt 
limiter 
Summing 
resistor 
Output 
Piet0) 
phase 
= detector 


09000 
Qgooo 
o°o00 
e000 
e000 


Threshold 
control ae 


‘Reference switch SL 


on off on 


Desired output 
Fig. 12—Circuit of a memistor ADALINE. 


tional to the conductances and are summed. An individual 
gain is zero when the memistor conductance equals that of 
its reference, and an ideal value of reference conductance 
is the average of the conductance extremes of the memis- 
tor. None of the element values or memistor characteristics 
are critical because of the inherent feedback in the adapta- 
tion process. These neurons have been built and have 
adapted (with somewhat reduced efficiency) even with 30 
per cent of their memistors improperly manufactured and 
defective. 

The first working memistors were made of ordinary 
pencil leads immersed in test tubes containing copper 
sulphate-sulphuric acid plating baths. Present elements are 
made by grinding down small %o w carbon resistors so 
that a flat graphite surface is obtained with the resistors’ 
connections exposed. Light coats of rhodium provide 
smooth substrates for plating and protect the copper lead 
connections. The connections are insulated, and the sub- 
strates are sealed with their individual copper plating baths 
in lucite cells. These elements are small and rugged, cheap, 
simple, and noncritical in manufacture. Improvements are 
in lifetime, being sought (by using different baths and 
different plating metals, different geometries and different 
substrate materials), and in electrical characteristics such 
as stability, relaxation, smoothness, and speed of plating. 

The first successful neuron using the lucite cells is pic- 
tured in Fig. 13. Patterns are fed to it in the usual manner, 
and it is trained to deliver the desired response to each 
pattern by holding the adapt control in the direction of 
desired needle motion, until the needle reads the desired 
response, and then releasing it. This 4 x 4 ADALINE 
has no knobs on its front panel, being equipped instead 
with 17-dimensional “power steering.” 

In addition to the electrochemical memistors described 
above, magnetic elements have shown promise for the 
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creation of variable gain with memory. Analog storage in 
saturated magnetic cores has already been demonstrated.” 
A variable small-signal transformer of the form shown in 
Fig. 14 also shows promise; in this structure, the coupling 
between the perpendicular input and output windings 1s 
controlled by the difference in small-signal permeabilities 
of legs A and B. 
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Fig. 13—An adaptive memistor neuron. 
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Fig. 14—An electronically variable transformer. 


CONCLUSION 


The application of the technology of microelectronics 
will be enhanced greatly by the use of redundancy and 
adaptation in prescribing systems which can adapt around 
their internal flaws and which can be trained to their in- 
tended function. The study of various phenomena and 
device configurations which might provide the needed 
variable gain with memory should accompany the advances 
now being made in microelectronic techniques for fabricat- 
ing active and passive components and subassemblies. 


“A. EE. Brain, “The simulation of neural elements by electrical 
networks based on multi-aperture magnetic cores,’ Proc. IRE, 
vol. 49, pp. 49-52; January, 1961. 
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APPENDIX I 
ERROR PROBABILITIES OF ADAPTIVE DECISION ELEMENTS 


The probability that the decision element of Fig. 4 will 
make an error is based on the probabilities that the output 
of the summing element will be negative when the correct 
answer is +1, and positive when the correct answer is —1. 
Let v be the output of the summing element times the 
correct answer, so that v > 0 implies a correct output and 
v <0 implies an incorrect one. If errors in the inputs are 
independent, v is just the sum of p random variables, 
namely, the sum of each input times the correct answer 
times the vote weight. Therefore the probability density of 
v is the convolution of the probability densities of the 
terms in the sum. 


Let \p be the error probability of the output decision. 
Xp may be found exactly from the probability density 
of v, or it may be approximated by the inequality 


cae eS) (6) 
i) 


where z denotes the product of p terms of the form 
shown. 

The closeness of the bound can be evaluated for the 
majority-rule decision element with equally reliable 
inputs. When the formula for majority-rule, (2), is 
evaluated using Stirling’s formula, the ratio of the 
bound on Ap given by (6) to the actual value of Ap is 
approximately +/(mp)/2. Because the bound on 7p goes 
geometrically in p, the bound is quite close. (Example: 
Find p when each input to a majority-rule decision ele- 
ment makes one error in 50, and \py must be less than 
10-4“. The exact formula gives p=23; the bound gives 
p=26.) 

The bound on Xp clearly demonstrates the advantage 
of adaptation, for the cosh term has its minimum, for 
each 2, when 


ccna 
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This is just the optimum vote weight discussed in the 
text. If the optimum a; are used, adding an input with 
error probability A; multiplies the bound on Ap by 
2V/h;(1—A,;). Thus, for small \; and good adaptation, 
the bound on Xp goes roughly as 2? times the product of 
the square roots of the A;. If an input has an error prob- 
bility of one half, the bound on Xp will be increased un- 
less that input is given a vote weight of zero. If poor or 
no adaptation is used, then there must be an increase 
in the redundancy for given Ap over that with perfect 
adaptation. 

The importance of redundancy in a large digital net- 
work can be demonstrated by a simple combinational 
analysis. Assume a redundant digital network using 
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restoring organs in the manner shown in Fig. 2. Let 


N-=total number of different stages in the network, 

p=the redundancy (number of inputs to each deci- 
sion element), 

m=number of inputs to a decision element which 
must perform correctly in order for the decision 
element to perform correctly, 

X=the probability that the output of one logical 
stage performs correctly. 


Note that the value of m depends upon the adaptation. 
Without adaptation (majority-rule) m is greater than 
p/2. With perfect adaptation, m conceivably could be 
as low as 1. 

The probability that one of the stages will not have at 
least m correctly performing inputs is 
X( p 


rn=o\ A 


Ja — d) eA, 


Therefore, the probability that the system with N stages 
performs correctly is 


p (system performs correctly) 


-[-E()a-me] 


The above formula was used to find the initial yields for 
the examples in the text. It was also used to find the 
survival probability plotted in Figs. 5 and 6, by setting 
A\=e—'/* for r=1. The median lifetime, 7, is found by 
equating the left side of the equation to 0.5 and A in the 
right side to e~7/". When m=1, the median lifetime can 
be found explicitly: 


T = —7lIn [1 — (1 — 27/9) 1), (9) 


For NV = 100, p=1 gives T=0,.00697, p =3 gives T=0.217, 
and p=9 gives 7’=0.867. Thus, a redundancy of 3, with 
adaptation, can extend the median lifetime by a factor 
of 30. 


APPENDIX [I 
TRAINING THE Manuat ADALINE Neuron 


This Appendix is a description of the iterative searching 
routine used to train the manually adapted ADALINE 
shown in Fig. 9. A pattern is fed to the machine, and the 
reference switch is set to correspond to the desired output. 
The error is then read (by switching the reference switch, 
the error voltage, rather than the neuron output voltage, 
appears on the meter). All gains including the level are 
to be changed by the same absolute magnitude, such that 
the error is brought to zero. This is accomplished by 
changing each gain (which could be positive or negative) 
in the direction which will diminish the error magnitude 
by 47. The 17 gains may be changed in any sequence, and 
after all changes are made, the error for the present input 
pattern is zero. Returning the reference to the neutral po- 
sition, the meter reads exactly the desired output. The next 
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pattern, and its desired output, are presented and the error 
is read. The same adjustment routine is followed and the 
error is brought to zero. If the first pattern were reapplied 
at this point, the error would be small, but not necessarily 
zero. More patterns are inserted in like manner. Conver- 
gence is indicated by small errors (before adaptation), 
with small fluctuations about a stable root mean-square 
value. 

This adaptation procedure may be modified readily to 
get slower (and smoother) adaptation by correcting only 
a fraction of the error with the insertion of each pattern. 


APPENDIX III 


STATISTICAL THEORY FOR ADAPTIVE NEURONS 


The error signal measured and used in adaptation of 
the neuron of Fig. 9 is the difference between the de- 
sired output and the weighted sum before quantization. 
This error is indicated by e€ in Fig. 10. The actual neuron 
error, indicated by e, in Fig. 10, is the difference be- 
tween the neuron output and the desired output. 

The objective of adaptation could be stated in the 
following manner. Given a collection of input patterns 
and the associated desired outputs, find the best set of 
weights do, di, - + - @, to minimize the mean square of 
the neuron error, e€,?. Individual neuron errors could 
have only the values of +2, 0, and -2 with a two-level 
quantizer. Minimization of e,” is therefore equivalent to 
minimizing the average number of neuron errors. 

The simple adaptation procedure described in this 
paper minimizes e?, rather than e,?. The measured error 
e will be assumed to be Gaussian-distributed with zero 
mean. Using certain geometric arguments, it can be 
shown that under these conditions, €,2 is a monotonic 
function of e? and that minimization of e& is equivalent 
to the minimization of €,2, and thus to the minimiza- 
tion of the probability of neuron error. The ratio of 
these mean squares has been calculated and is plotted 
in Fig. 10 as a function of the neuron error probability. 
This plot is a good approximation even when the error 
probability density differs considerably from the above 
assumptions. 

Given any collection of input patterns and the asso- 
ciated desired outputs, the measured mean-square error 
€? can be shown to be a precisely parabolic function of 
the gain settings, @ ---a@,. Therefore, adjusting the 
a’s to minimize e2 is equivalent to searching a parabolic 
stochastic surface (having as many dimensions as there 
are a's) for a minimum. How well this surface can be 
searched will be limited by a sample size, 7.e., by the 
number of patterns “seen” in the searching process. 

The method of searching that has proven most useful 
is the method of steepest descent. Vector adjustment 
changes are made in the direction of the surface gradient. 
The procedure described for bringing each error to zero 
implements the method of steepest descent with each suc- 


cessive input pattern. 
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Use of Passive Redundancy in Electronic Systems 
J. J. SURANY, SENIOR MEMBER, IRE 


Summary—Circuit design predicated solely upon the premise 
of providing circuits with greater and greater immunity against 
component tolerances at some point results in an increase in 
catastrophic failure rates. Thus, circuits which are overdesigned 
to provide maximum protection against drift failures may actu- 
ally contribute to a lower system reliability than do those circuits 
which are designed to operate with tighter component tolerances. 
These considerations lead to the conclusion that as systems 
grow in complexity or as reliability requirements are signifi- 
cantly increased for current equipment, a point is reached where 
further improvement in design procedures will not necessarily 
lead to further increases in system reliability. A way out of this 
dilemma appears to be the introduction of some form of redun- 
dancy on the component or circuit level in order to overcome 
the effects of the inevitable occurrence of catastrophic compo- 
nent failures. This paper discusses the application of redundancy 
techniques, of a nonadaptive and passive nature, to electronic 
circuits and systems. 


INTRODUCTION 


HE CASE for redundancy may be stated as fol- 

lows. If considerably greater life is required for 

present equipment, or if systems several orders 
more complex than existing ones are to be realized in prac- 
tice, a major increase in system reliability must be 
achieved. Improved circuit design has definite limits and 
hence is not the answer.? Significant improvement of com- 
ponents cannot be anticipated and may not always be a real- 
istic objective if cost is a factor. “Breakthroughs” in system 
realization cannot be scheduled. Redundancy appears to 
offer an “out’’ to the problem, and if the biological organ- 
ism is an example, then perhaps redundancy is the only 
solution to the reliability question. The problem which 
must be solved, however, is not only how to apply redun- 
dancy to system organization, but also how to apply it 
in an economical manner. There obviously cannot be a 
market for highly complex equipment if the price of reli- 
ability is beyond the range of the economy to afford the 
cost. 

Redundancy in electronic equipment is fairly common 
on a system and information-carrier level. For example, 
many broadcast stations have reserve transmitters which 
may be switched into the system if the primary transmitter 
fails, and many commercial aircraft carry reserve trans- 
ceivers in the event of a failure in the original equipment. 
On the information level, computers and telemetry systems 
commonly utilize redundant information for parity error 
checking or for automatic error correction. However, re- 
dundancy on the component or circuit level is infrequently 


* Received by the PGMIL, May 1, 1961. 
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applied in practical applications although considerable the- 
oretical analyses have been conducted to demonstrate the 
desirability of such practice (e.g., see von Neumann’). 
Several of the proposed techniques will be briefly dis- 
cussed below. 


CLASSIFICATION OF REDUNDANT SYSTEMS 


Many forms of redundancy may be used in electronic 
systems and Druzhinin has proposed an interesting scheme 
for classifying the various approaches.* In general, re- 
dundant systems may be classified as “active” or “passive.” 
“Active” redundancy defines a system requiring change- 
over switches to switch out the faulty portion and switch 
in the redundant portion. “Passive” redundancy denotes a 
system in which the reserve elements are connected in such 
a way that failure of an element does not affect the opera- 
tion of the system. Systems employing passive redundancy 
generally require considerably more components than those 
which employ active redundancy, assuming that the switch- 
ing circuits of the latter are fairly simple; but, active re- 
dundant systems have the inherent disadvantage of re- 
quiring a finite delay time between the sensing of a failure 
and the replacement of the faulty element. Systems em- 
ploying active redundancy may be broken down further 
in accordance with the operational state of the reserve 
components. Thus, the redundant elements may be defined 
as follows: loaded, viz., operational and functioning simul- 
taneously with the primary elements ; partially loaded, viz., 
operating under reduced-load conditions; unloaded, viz., 
not functional until the primary elements fail. 

Both active and passive redundant systems may be fur- 
ther defined in accordance with the degree of granulation 
of the repeated elements. Thus, redundancy may be ap- 
plied on a system, subsystem, functional, circuit or com- 
ponent level and may be either totally or partially below 
the system level. or example, a computer may be defined 
as a system, while its arithmetic, memory, control, and in- 
put and output units are considered subsystems, A sub- 
system such as the arithmetic unit may be broken down 
into functional blocks comprising, for example, counters, 
accumulators, adders, etc. Each of these in turn may be 
broken down into individual components, such as resistors, 
capacitors, transistors, diodes, etc. Redundancy may be 
applied at any one of these levels, but in general, the fur- 
ther the redundancy is carried toward the component level, 
the more complex the system becomes and the more resist-: 
ant the system becomes to catastrophic failures. The en- 


* J. von Neumann, “Probabilistic Logics,” in “Automata Studies,” 
Princeton University Press, N.J., pp. 43-98; 1956. 
G. V. Druzhinin, “Classification of Reserve Systems,” Elek- 
trosvyaz’, vol. 7, pp. 72-73; 1959 (In Russian). 
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suing discussion will be concerned only with the applica- 
tion of passive redundancy to component and circuit levels 
of a system. 


REDUNDANCY OF IDEAL SWITCHING COMPONENTS 


The problem of applying passive redundancy on a com- 
ponent level to idealized switches has been analyzed by 
Moore and Shannon for the particular case of relay net- 
works.* An idealized switch is defined here as a four- 
terminal element where complete isolation exists between 
the control signal and switching path and which presents 
to the logic signal an infinite impedance ratio between de- 
sired and undesired transmission states. Thus, within rea- 
sonable constraints, the Moore-Shannon analysis is ap- 
plicable to practical components which include, in addition 
to the mechanical relay, such electronic devices as the cryo- 
tron. The analysis is not generally applicable, however, to 
three- and two-terminal devices such as transistors and 
tunnel diodes. Furthermore, the Moore-Shannon theory 
assumes a situation where only catastrophic failure rates 
which are independent of time exist; hence, drift failures 
and aging effects are excluded from consideration. Never- 
theless, the theory is of considerable importance and utility 
because of its development of redundant-circuit topologies 
and associated reliability equations which, in fact, repre- 
sent limits of performance in practical cases. A complete 
discussion of the Moore-Shannon paper is not intended 
here, but a brief review of some of its highlights may be 
useful. 

Fig. 1 illustrates three elementary redundant relay-con- 
tact networks considered by Moore and Shannon. If p is 
the probability that a single contact will close, then the 
probability h(~) of two contacts in series being closed is 
p’. The probability that both contacts are simultaneously 
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Fig. 1—Redundant relay nets and their probability functions. 


“FE. F. Moore and ‘C. E. Shannon, “Reliable circuits using less 
reliable relays,’ J. Franklin Inst., vol. 262, pp. 191-297; October, 
1956. 
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open is 1-p’. Consequently, if two relay contacts in se- 
ries are used to connect the path 4B, and both are oper- 
ated simultaneously, the redundancy improves the relia- 
bility for opening the path, but reduces the reliability of a 
path closure. If four relay contacts are connected in a 
series-parallel arrangement, as shown in Fig. 1(a), how- 
ever, the probability of the path AB being open is (1—p?)?, 
and the probability of the path being closed is 


Pet (1p) he ae (1) 


This function is illustrated at top-right in Fig. 1(a). It is 
seen that it lies above the diagonal y = p for values of 
0.618. Thus, the redundant circuit represents an improve- 
ment over a single contact if the reliability of each contact 
closing is better than 0.618. The network illustrated in Fig. 
1(b) is the dual of the one shown in Fig. 1(a) and has a 
closure probability of 


h(p) = [1 — (1 — p)]° = 4p? — 4p2 4+ pt (2) 


For this network, (pf) crosses the diagonal at 0.382. The 
bridge network illustrated in Fig. 1(b) has a symmetrical 
probability curve which crosses the diagonal at 0.5 and a 
closure probability of 


hp) = 2p" + 2p* — Spee 2p'. (3) 


All of the curves illustrated in Fig. 1 accentuate the near- 
ness of / to its values of 0 or 1 and, hence, tend to increase 
the reliability of the redundant configuration over that of 
a single-relay contact. The symmetrical curve which crosses 
the diagonal at p = 0.5 increases the reliability of both 
opening and closing the path AB equally, whereas the 
asymmetrical curves increase the reliability more in one 
direction than in the other. 

These results may be generalized to include any complex 
redundant network between two points. Thus, if m con- 
tacts are used in a switching array between two points, 4 
and B, and if n of them constitute a subset of closed con- 
tacts, the probability of a path closure is 


h(p) = >) Anpr(1 — py, (4) 


where A, is the number of combinations of the subset 
which correspond to a closed path. For example, in the 
bridge circuit of Fig. 1, there are a total of 5 contacts 
(m = 5). The probability that all five are closed is p*. If 
any four close, the path AB will be closed and the prob- 
ability of four of the five closing is 5p*(1-p). The prob- 
ability of three of the five contacts being closed is 10/% 
(1-p)’, but only eight of the ten combinations result in a 
closed path between A and B; hence A, is 8. Similarly, the 
probability that two of the five contacts are closed is 10p? 
(1-p)*, but now only two of the ten combinations result 
in a closed path; thus, 4, is 2. If less than two contacts 
close, the path AB is open. Consequently, applying (4) to 
the bridge network results in 


h(p) = p> + Sp*(1 — p) + 8p%(1 — p)? + 2p7(1 — 9), 
which reduces to the result given by (3). 
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The probability equations applying to single switches 
may readily be expanded to include networks of switches. 
For example, in the series connection of redundant net- 
works shown in Fig. 2(a), the probability of a path closure 
between 4 and B is 


5 


hp) = TI [hn], (5) 
n—1 
where hj(p) represents the closure probabilities of each 
network N; between the internal points ajbj. Similarly, 
for the parallel connection of redundant networks illus- 
trated in Fig. 2(b), the total probability of a path closure 
between A and B is 


a 


hp) = 1 — [I [1 — 2,(8)]. (6) 
n=1 

Networks of redundant switches may also be combined by 
“composition,” 7.e., by replacing each element in the origi- 
nal redundant configuration by a more complex network 
N. This is illustrated in Fig. 2(c) for the bridge config- 
uration. The probability of closure between points A’B’ is 
then 


h(p) = hilhw(P)), 


where hy(p) is the closure probability of any single net- 
work N, and hz denotes the closure probability of the orig- 
inal contact network. More generally, if the composition 
process is repeated (n—1) times, the closure probability for 
the 2" composition of h with itself is 


PND) los Ip es): (7) 


Thus, by building up a network using series, parallel or 
composite iterations, the reliability of a given switching 
operation may be increased by any desired amount. This 
is a significant result of the Moore-Shannon analysis and 
underscores the general arguments advanced for the prac- 
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Fig. 2—Redundant expansion. (a) Series connection of redundant 
networks. (b) Parallel connection of redundant networks. (c) 
Composition of redundant networks. 
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tical application of passive redundancy on a component or 
circuit level. 


RepuNDANcy Usine Majority Locic 


Modern electronic switching systems require operational 
speeds far in excess of that which may be obtained by 
using mechanical relays. Hence, fast three- and two-termi- 
nal elements are employed, e.g., transistors and diodes, 
which do not lend themselves generally to the redundant 
topological configurations, considered by Moore and Shan- 
non, because of their non-ideal switching characteristics. 
Although new solid-state elements currently under devel- 
opment, such as the cryotron® and optoelectronic switch,® 
may be treated quite similarly to the relay as far as re- 
dundant topology is concerned, it is questionable if two- 
and three-terminal switching devices will ever be com- 
pletely replaced by four-terminal switches in digital data- 
processing systems. It is important, therefore, to consider 
redundant connections which may be applied to less ideal 
switches than the relay. 

A convenient way of applying redundancy on a func- 
tional level, without regard to the type of switching com- 
ponent being used, is by the use of majority logic for in- 
terconnection of the functional entities. A majority-logic 
element is defined as one whose output state is determined 
by the state of the majority of the inputs. It is apparent 
that to avoid ambiguity, the number of inputs to a simple 
majority-logic element must be odd. 

The use of majority-logic gates in a redundant array 
is illustrated in Fig. 3(a). A logic function f; is repeated 
three times, and the output of each is connected to a ma- 
jority gate M. It is readily seen that any one of the logical 
blocks may fail in any manner without affecting the out- 
put of the majority gate. Implicit in the configuration of 
Fig. 3(a) is the assumption of a perfect majority gate; 
however, by iterating the structure, as illustrated in Fig. 


(b) 


Fig. 3—Redundancy using majority decision. (a) Simple majority 
connection. (b) Majority-logic network composition. 


°D. A. Buck, “The cryotron—A superconductive circuit element,” 
Proc. IRE, vol. 44, pp. 482-493; April, 1956. 

“E. E, Loebner, “Opto-Electronic devices and networks,” Proc. 
TRE, vol. 43, pp. 1897-1906; December, 1955. 
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3(b), some redundancy may be achieved in the majority 
interconnections. The configuration of Fig. 3(b) also illus- 
trates the possibility of composing redundant majority 
arrays in a manner similar to the relay-network composi- 
tion proposed by Moore and Shannon. 

The probability that the simple majority connection 
illustrated in Fig. 3(a) gives a correct output is expressed 
mathematically in an equation similar to (4), vz., 


h(p) = ss ("Jor SEP) a (8) 


K=(n+1)/2 K 


where (”/K) are the binomial coefficients defined by 


Gs n! 
KK). K\n— BP! 


In (8), m is the total number of inputs to the majority 
gate, and since » must always be an odd number, the sum- 
mation of (8) represents a summing of the probabilities 
that at least a majority of the inputs is correct. Thus, 
for n = 3, 


WP paar Sp lp). (9) 


The first term on the right-hand side of (9) is the prob- 
ability that all three inputs to the majority gate are cor- 
rect, while the second term represents the probability that 
at least two of the three inputs are correct. It is obvious 
that if the redundant majority connection is to result in an 
improvement in reliability, the total probability of a cor- 
rect result must be greater than the probability of an in- 
dividual correct result, 7.e., 


h(p) > p. (10) 


It readily can be shown that if (8) is substituted into the 
inequality of (10), the inequality is satisfied only for the 
condition 


(11) 


Hence, if redundant networks interconnected by simple 
majority-logic gates are to offer any improvement in reli- 
ability, the individual network must have a probability of 
functioning correctly in excess of 0.5, 7.e., the individual 
network must be right more often than it is wrong. This 
conclusion may be arrived at intuitively for any majority- 
decision process. Unlike some of the redundant networks 
described by Moore and Shannon, simple majority de- 
cision does not offer the possibility of achieving arbitrarily 
high reliability with arbitrarily poor elements. 

The probability curve for the function of (9), corre- 
sponding to the majority connection illustrated in Fig. 
3(a), is shown in Fig. 4 (dashed curve), where the ordi- 
nate axis is h(p) and the abscissa axis is p. Plotted on 
the same set of coordinates is the probability curve for the 
majority-logic composition network illustrated in Fig. 
3(b) and denoted in Fig. 4 by the terminology “two-level” 
redundancy. Both curves assume perfect majority-dect- 
sion elements. It is seen from Fig. 4 that as the level of 
redundancy is increased, i.¢., the simple majority circuit is 
composed by successive iterations, the probability curve 
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for the redundant array approaches an ideal characteristic, 
vig., a vertical line at p = 0.5 between h(p) =O and 
h(p) = 1.0. It should also be pointed out, however, that 
the circuit complexity increases in a geometric progression 
as the redundancy level increases; thus, discounting the 
complexity of the majority decision element, the simple 
majority circuit is three times more complex than is the 
nonredundant circuit, the two-level redundant composite 
circuit is nine times more complex than the nonredundant 
configuration, etc. 


REDUNDANCY UsING IMPERFECT 
Mayority-Locic ELEMENTS 


The assumption of using perfect majority-decision ele- 
ments as interconnections between redundant functional 
blocks is not realizable in practice, and consequently, a 
question arises regarding the possibility of employing re- 
dundancy of the majority elements themselves. As was 
pointed out in the perivous section, such redundancy may 
be achieved by composition of the elementary majority 
configuration of Fig. 3(a). However, majority-decision 
redundancy may be introduced in a more direct manner, 
utilizing the configuration illustrated in Fig. 5. In this net- 
work, each redundant logical function f; drives the ma- 
jority gates; thus, any one of the logic functions may fail 
and any one of the majority decision elements may fail 
while the redundant array will still correctly activate two 
of the three succeeding logic blocks fz. Should one logic 
block fail while all three majority-logic gates function 
properly, all three of the succeeding logic blocks will be 
activated correctly. 


TWO LEVELS 


ONE LEVEL 


Sie ZERO REDUNDANCY 


RELIABILITY 


REOUNDANT— FUNCTION 
co} 
uw 


SINGLE—FUNCTION RELIABILITY 


Fig. 4Three-input majority-logic redundancy. 


Fig. 5—Majority-gate redundancy. 
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It is apparent that in a practical case, the majority-de- 
cision element should be no more complex than the logical 
block it serves to interconnect with redundant blocks. If 
the majority element should have a failure probability just 
equal to that of the logical network, the over-all reliability 
of the redundant network will be seriously affected. This 
is illustrated in Fig. 6, where the probability of a correct 
operation h(/p) is plotted as a function of the probability 
(p) that each individual element will function correctly. 
The solid curve labeled h(p) is the probability function 
for perfect majority-decision elements; the dashed curve, 
labeled [h(p)]*, is the probability function for the re- 
dundant array assuming equal failure probabilities of logic 
and majority elements. Referring to Fig. 6, if the prob- 
ability of correct operation for each element is 90 per cent, 
the expected number of failures per hundred elements 
would be ten. Using the redundancy configuration of Fig. 
5 with perfect majority-decision elements, the expected 
number of failures per hundred configurations is reduced 
to 2.8. However, if the majority gates have the same fail- 
ure probabilities as the logic elements, the expected num- 
ber of failures per hundred configurations would be 5.5. 

It is very important, therefore, to use majority-decision 
elements which are as simple and reliable as possible, rela- 
tive to the logic functions in the network. Failure to do so 
will considerably reduce the effectiveness of the applied 
redundancy. 


SOLID-STATE CIRCUIT APPLICATIONS 


Fig. 7 illustrates three electronic switching configura- 
tions (excluding the relay network) which may be used to 
control the impedance between points A and B. From a 
topological point of view, the three networks may be con- 
sidered analogous to the series-parallel redundant relay 
quad of Fig. 1(a). From an electrical point of view, how- 
ever, the four networks are sufficiently different from each 
other to require serious modification of any statistical the- 
ory which may be developed for any one of them. Only the 
relay and optoelectronic circuits are switches where the 
signal paths and control paths are completely isolated from 
each other. In the diode switch, signal and control paths 
are identical, while in the transistor switch, the signal and 
control paths interact through different impedance levels. 
One important result of coupled signal and control paths 
is that the iteration or composition rules applying to ideal 
switches cannot be generally applied. 

In addition to being different in a logical sense, the four 
electronic devices illustrated in Fig. 7 are also significantly 
different in operation as a switch. The relay not only is 
ideal as previously defined, but also is almost perfect as a 
switching device because its closed condition is, for most 
practical purposes, a true lossless path to the signal, while 
its open condition is virtually an infinite impedance. The 
transistor and diode have sufficient losses in their closed 
states and sufficient leakage in their open states to present 
practical problems of a nature not encountered in relay 
contact nets. (The optoelectronic device is the poorest 
switch, from the on-off impedance point of view, of the 
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four shown in Fig. 7.) The effect of these considerations 
upon the application of redundancy theorems is quite sig- 
nificant and requires considerable evaluation before defin- 
itive conclusions can be drawn. For example, in a diode 
logic network, the use of redundant quads of the type 
illustrated in Fig. 7 would roughly quadruple the power 
losses through each level of logic. This, in turn, would re- 
quire the use of more amplifiers in the subsystem and, 
hence, would increase the number of functional blocks re- 
quired to perform a particular logical operation. Although 
it may be assumed that each of the amplifying elements 
would also be arrayed in a redundant configuration, their 
gain still would be equivalent to a single amplifier. Hence, 
the fact that more amplifying blocks are required than in 
a nonredundant network would tend to offset the reliability 
gained by the use of redundant components. Nevertheless, 
certain limited but important applications exist where the 
relay analogy may be applied directly, and hence, where 
the Moore-Shannon theory may be used without excessive 
modification. 

An example of an application which may profitably use 
transistors in Moore-Shannon redundancy schemes is the 


h(p) 


Pp 


-50 60 70 .80 90 1.0 


Fig. 6—Worst-case effect of imperfect majority elements. 
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Fig. 7—Topologically analogous redundant networks, 
switch. (b) Diode switch. (c) Transistor switch. 
electronic switch, 
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dce-de converter illustrated in Fig. 8.7 Single transistors 
are normally used for the switching operations in the 
boxes denoted by S and S”. Failures of power supplies 
occur generally as the result of transistor “burnouts” and 
are seldom associated with malfunctions of the trans- 
former (square-loop ferrite core). Thus, it is desirable to 
introduce redundancy in the form of reserve transistors 
for the switching operations between points A-B and 
A’-B’ in Fig. 8. Each transistor then would have its own 
feedback connections to the transformer core, and hence, 
a redundancy of regenerative circuit loops would also be 
obtained. The redundant transistor connections could take 
the forms illustrated in Fig. 9. It is apparent that the con- 
figurations shown in Fig. 9(a) and (b) are directly analo- 
gous to the series-parallel contact networks described by 
Moore and Shannon. As in the case for relays, the circuit 
of Fig. 9(a) would be most favorable if transistor failures 
occurred as the result of short circuits (transistor fails to 
turn “off”’), while the circuit of Fig. 9 would be most fa- 
vorable if transistor failures occurred as the result of open 
circuits (transistor fails to turn “‘on’’). 

Although the redundant circuits shown in Fig. 9 mul- 
tiply the cost of the power supply by a factor of approxi- 
mately four, this increased cost may be insignificant in 
most system applications because of the negligible cost of 
the power supply compared to the rest of the system. 
Hence, the redundant configurations described by Moore 
and Shannon may be used economically in specialized ap- 
plications, whereas their general use may be impractical. 
Such additional circuits as pulse regenerators (e.g., block- 
ing oscillators) and clock sources fall into the category of 
possible Moore-Shannon configurations, while counters, 
registers and logic would probably be too expensive to 
implement in this way. 

Majority decision is particularly well suited to redun- 
dant circuits which employ non-ideal switches, e.g., tran- 
sistors and diodes, and appears to be the simplest way of 
applying redundancy to electronic networks composed of 
several types of components. For example, a single flip- 
flop circuit of the type used in counters and shift registers 
consists of two transistors, eight resistors, four capacitors 
and two diodes. Applying redundancy separately to each 
component of such a circuit would make the design prob- 
lem extremely difficult unless some form of majority-de- 
cision redundancy is employed on a circuit level, rather 
than on a component level. 

The advantages of majority decision include engineer- 
ing simplicity (since the majority decision may be intro- 
duced at any point of circuit complexity without materially 
upsetting the design procedures for each of the circuits 
involved), as well as protection against both drift and 
catastrophic failures. The latter advantage is particularly 
important since it may be used to reduce the power re- 
quirement of the entire circuit as a consequence of relax- 
ing some of the component tolerances which would be 


7D. A. Paynter and V. P. Mathis, “Redundancy Techniques in 
Reliable Power Supply Design,” presented at the Internat. Solid- 
State Circuits Conf., Philadelphia, Pa.; February 15, 1961. 
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imposed in a nonredundant worst-case circuit design. It 
should also be pointed out that drift failures may occur on 
a transient basis (noise), as well as on a steady-state basis 
(end-of-life degradation), and hence, majority-decision 
redundancy offers some protection against localized noise 
effects. 

The disadvantages of majority redundancy include the 
additional loading which majority-decision gates impose 
upon the functional circuits and the additional cost re- 
quired for the duplication of entire circuits. The loading 
effect requires considerable investigation; if the majority 
gates tend to reduce significantly the functional gain or 
amplification of a circuit, additional complexity may be en- 
tailed as a result of the necessity for including additional 
circuit-amplification stages, thus offsetting some of the re- 
ability bought by redundancy. However, if the func- 
tional gain of the circuit can be increased by relaxing the 
tolerance requirement in relation to drift failure prob- 
abilities, the loading problem may be negligible. 

Consideration of the cost of redundancy is a critical 
problem in any practical application. Cost may be reduced 
in redundant-circuit structures by designing the circuit 
with the simplest and least expensive components. Thus, 


. 
@ CONNECTED TO EMITTERS 3 
OF A-B TRANSISTORS 


e CONNECTED TO BASES - 
OF A-B' TRANSISTORS 3 


Fig. 8—Redundancy application to power supply. 
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Fig. 9—Transistor analogies of redundant relay switches. (a) Short 
circuit favorable. (b) Open circuit favorable. 
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inherently economical circuits, such as resistor-transistor 
combinations, may provide the key to practical applications 
of redundancy. 

A second method which may be used to decrease the 
cost of redundancy is to apply redundancy selectively to 
only those portions of a given system which are more sus- 
ceptible to catastrophic failures. Applying this principle on 
a circuit level is easier when component redundancy of the 
Moore-Shannon type is used than when majority decision 
is employed. Thus, in the power-supply example of Fig. 8, 
redundancy may be applied only to the transistors, whereas 
if redundancy had been attempted with majority decision, 
all components would have to be duplicated. Consequently, 
it appears that the most economical way to design a re- 
dundant system is to apply redundancy on both a compo- 
nent and circuit level, utilizing optimum combinations of 
Moore-Shannon circuits and majority-decision arrays. 


MICROMINIATURIZATION 


Size and weight, as well as cost, are additional practical 
constraints which may limit the application of redundant 
networks to many systems. Size and weight constraints are 
most severe in airborne and missile-borne equipment 
where, paradoxically, redundancy can be of most benefit. 
Microminiaturization will make it possible to apply redun- 
dancy without increasing the size and weight of equip- 
ment beyond practical limits. However, microminiaturiza- 
tion also imposes many constraints on circuit design which 
are not present when conventional fabrication techniques 
are employed. Among these constraints are the types of 
components which may be used and the power levels at 
which circuits may be operated. Since circuit-power dis- 
sipation and component tolerances are interrelated, it is 
apparent that the problem of reliability is inextricably tied 
to microelectronic fabrication techniques. Conversely, mi- 
crostructures must be designed to accommodate the re- 
quirements of reliability, including the requirement for 
redundancy. 

One of the objectives of microelectronics is to reduce 
the component interconnection problem by eliminating in 
large part the need for passive component interconnec- 
tions. Fabrication techniques such as the evaporation or 
electrodeposition of conductors, resistors and capacitors 
will effectively replace soldered or welded joints with 
chemically-bound material interfaces. It reasonably may 
be expected that these new techniques will increase the 
reliability of interconnections, although the extent of this 
expected increase in reliability is still to be ascertained. 

However, connection redundancy may be applied to in- 
crease the reliability of interconnections. Referring to Fig. 
10, if it is desired to connect conductor x to conductor y, 
the primary connection 1 may be “reinforced” by strap- 
ping an additional conductor across x and y [w in Fig. 
10(a)] and connecting the redundant conductor to x and 
y at points 3 and 2, respectively. Then, if p is the proba- 
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Fig. 10—Connection redundancy. 


bility of making a single good connection, the total prob- 
ability of and y being connected is 


ha(p) = p +p? — p?. (12) 


Eq. (12) is plotted as curve A in Fig. 10, and it is seen 
that this simple method of connection redundancy in- 
creases the reliability of the total connection everywhere 
along the p axis. The connection redundancy may be in- 
creased by the use of a second conducting strap across x 
and y, as illustrated in Fig. 10(b). For this connection, the 
total probability of conductors x and y being connected is 


lie p) = Porte 2p) = 2p = peep (13) 


Eq. (13) is plotted as curve B in Fig. 10. Thus, if the 
probability of a single good connection is 90 per cent, the 
expected connection failure rate is 100 per thousand: this 
rate is reduced to 10 per thousand by the use of a single 
redundant connecting strap, while it is further reduced to 
4 per thousand if two redundant connecting straps are 
used. 

Microelectronic fabrication technology will make the 
use of redundant connections economically feasible, even 
though such redundancy would be expensive if applied to 
manually soldered interconnections. For example, once an 
evaporation mask has been cut, incorporating redundant 
connection paths of the type described above, the fabrica- 
tion of circuits is no more expensive than if the mask did 
not contain the redundant paths. Thus, redundancy tech- 
niques which would ordinarily be ruled out with conven- 
tional fabrication processes, due to economic considera- 
tions, may become economically feasible when microelec- 
tronic fabrication processes are introduced. 


1961 


IRE TRANSACTIONS ON MILITARY ELECTRONICS 


209 


Power Dissipation in Microelectronic Transmission Circuits* 
JAMES D. MEINDL}, mMemser, tre 


Summary—The interrelationship of power dissipation, gain, 
stability, terminal impedance values, dynamic range and effici- 
ency is investigated for small-signal amplifiers in the middle 
range of frequencies. Utilizing a novel circuit-design theory 
which treats a transistor along with its biasing resistors as a 
single entity, amplifier designs are derived which combine opti- 
mum ac performance and minimum dc power dissipation. The 
product of ac power gain and dc-to-ac efficiency is found to be 
a useful figure of merit for microelectronic transmission circuits. 


INTRODUCTION 
Ce... the subject with all its ramifica- 


tions, power dissipation may well be the problem 

of singular importance in microelectronics. Aside 
from its broad influence on over-all equipment character- 
istics? such as size, weight, reliability, and cost, power dis- 
sipation is inherently related to many aspects of circuit 
performance. To some extent the influence of dissipation 
on the performance of digital circuits has been clarified 
by recent investigations.** However, the corresponding 
effects of dissipation in transmission circuits have received 
relatively little attention.© The purpose of this paper is to 
report the results of a study of the effects of total circuit 
power dissipation on certain general properties of trans- 
mission circuits. 

In order to generate information of broad significance, a 
careful choice of the generic circuit function to be ana- 
lyzed is necessary. Perhaps the most universal circuit 
function in military communications equipments is small- 
signal amplification. Because the circuit configuration of a 
small-signal amplifier varies considerably depending on 
which of its many properties are emphasized, further defi- 
nition of a circuit type is necessary. By concentrating on 
the mid-band performance of a wide-band amplifier, the 
interrelationship of the commonly more critical amplifier 
properties—power dissipation, gain, stability, terminal im- 


* Received by the PGMIL, April 6, 1961. 
*U. S. Army Signal Research and Development Laboratory, 
Fort App tupaaae NJ. 
A. P. Stern, “Some general ae cna of microelectronics,” 
Proc. Natl. Electronics Conf., vol. 16, pp. 194-198; October, 1960. 
*D. F. Allison, et al., “KMC Planar Transistors in Microwatt 
Logic Circuitry,” Solid- State Circuits Conf., Philadelphia, Pa.; Feb- 
ruary, 1961. 
°J. M. Early, 
element High- Speed Logic Systems,” 
Philadelphia, Pa. ; - February, 1960. 
“H. Raillard and J. J. Suran, “Speed vs circuit power dissipa- 
tion in flip flops,” Proc. IRE, vol. 47, (Correspondence), pp. 96-97 ; 
January, 1959. 
. J. Suran. “Circuit considerations relating to microelectronics,” 
Proc. IRE, vol. 49, pp. 420-426; February, 1961. 
IRD): Meindl and O. Pitzalis, “Optimum stabilization networks 
for functional electronic blocks,” Proc. Natl. Electronics Conf., vol. 
16, pp. 576-590; October, 1960. 
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pedance values, dynamic range, and efficiency—may be 
conveniently investigated. 


Circuir ANALYSIS 


In the fabrication and application of microelectronic 
circuits, it is appropriate to treat a generic circuit type as 
an entity. Fig. 1 shows the schematic diagrams of the three 
amplifiers considered in this paper. Fig. 2 shows the ac 
equivalent circuit of the amplifier of Fig. 1(a). The dotted 
blocks enclose the two-port active networks treated as 
entities. On the basis of this two-port characterization, a 
rather novel design theory directed toward small-signal 
microelectronic amplifiers has been devised in order to 
pursue more effectively the goals of this investigation. In 
essence the theory provides a means for optimizing the ac 
performance of an amplifier—a transistor and its asso- 
ciated biasing resistors—while minimizing its de power 
dissipation. Specifically, the product of ac power gain and 
dc-to-ac efficiency is maximized. 

It is convenient to present the design theory as a suc- 
cession of enumerated steps: 

1) Anticipate the lower and upper operating tempera- 
tures Ty and T;, respectively, of the circuit. Knowledge of 
these limits is necessary in order to provide circuit designs 
with adequate temperature stability. 

2) Select the transistor de operating point at T, (i.e., the 
values of Icy and Vezy) and T; (i.e., the values of Jez and 
V cnr). Collectively, the two operating points should reflect 
a reasonable amount of de drift, Alg = I¢p — Icy and 
AV cn = Vow» — Veny, over the anticipated temperature 
range. Individually, an operating point should be selected 
to accommodate the required ac collector voltage and cur- 
rent amplitudes. 

3) With the transistor at temperature T, and de operat- 
ing point Icy and Vexy, measure the de quantities Jz, and 
Veny and the ac quantities Ary, Aasy, hoy, and hooy at any 
mid-band frequency. Equivalent measurements should be 
made at Ty, Ic, and Vopr. The need for these measure- 
ments is obviated if equivalent information is available 
from transistor data sheets. 

4-a) Write two sets of Kirchhoff equations describing 
the de behavior of the circuit, one at Ty and one at Ty. 
This yields a set of four simultaneous equations® contain- 
ing the transistor dc currents and voltages [Icy, Vony, Ico, 
and so forth] and the de stabilization network elements 
[R1, Ro, R3, Re, and Veo for Fig. 1(a)]. 

b) Write two sets of Kirchhoff equations describing 
the ac behavior of the circuit, one at T, and one at Ty. 
These equations contain the circuit ac currents and volt- 
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Fig. 1—Schematic diagrams of circuits with de currents and voltages 
indicated. (a) Circuit 1. (b) Circuit 2. (c) Circuit 3. 


Fig. 2—AC equivalent circuit for Fig. 1(a). 
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ages, the transistor small-signal h parameters, and the 
stabilization network elements. 

S-a) Since the transistor de currents and voltages are 
known from 2 and 3, the set of simultaneous equations of 
4-a may be solved in terms of these quantities and any one 
of the five stabilization network elements (e.g., R1). The 
tabulated solutions for the circuits of Fig. 1 are given in 
Tables I and IT. 


b) Since the transistor h parameters are known from 3 
and the stabilization network elements from 5-a, the sets 
of equations in 4-b may be solved for the H parameters 
of the circuit at both T, and Ty. From Fig. 2, 


Vi = Ayti t+ Ave 


1g = Hot, + HV» (1) 


TABLE I 
DC Constants 


Constants frequently used in the DC design are: 


a4 = Im — Thy 


o.== Icz = Icy 


a3 = Ip, — Ipy 


by = Veal cy = Verler 


bs = Venrlpy — Vem! pr 


b3 = Vesrl ny — Vesyl mx 


bs = Vesrlay — Vewyl Br 


= Tazlcy “a Iiylez 


S) 
Sy 
| 


ad; = Vgrz — Very 


q 
we 
Il 


Vepz al Voy 


é1 = Vos:V Bry — VosyV BE 


TABLE II 
DC Desicn Equations or Most IMporTANCE FOR Circuits 1-3 
Circuit 1 Circuit 2 Circuit 3 
The DC stabilization network parameters are given by 
4 oR, — by (by + b») (63Ry + é1) oR se bi 
CG = Vec = = Veco 
a2 a2(b3Ri + é1) + do(arRi — bo) — a 
Ro (o.Ri + bi) (aR + di) ie O3Ri + ial as c1R1 — be 
—ax(e1Ri + b1) + a2(b, + de) —bs ds 
(crRi + b:)(aiRi + di) bsRi + e1 aR, + di 
R3 = R3 = ———_ ky SS 
d2(c1R, + bi) — av(by + be) oR; — be — 4 
Rew ORF G) + ds _ [(aiRi + di) + do] (6sRi + e:) Ro = Loki t dy) + de 
Ra © aa(bsRi + 1) + da(cRi — bs) — as 
The limiting value(s) of R; for positive stabilization network elements are 
Ry =i bi/c1 Ry => — e1/b3 Ry = bi/ex 
420) — bod» 
=— Rk, = — ——_ J, = lipe 
Ry di/ay 1 on Ke a 1 2/01 
Ree (a2/a1)(b1 + be) — by Rubee Ria oh 
C1 
dy + dy dy ae dz 
Ry = beo/e1 Ry = ie Ry = ae 
pore d; + dz 
=a; 


The total circuit DC power dissipation at the upper temperature is 


TorR3 + TneR2 + “e) ( “ene 
= Pz = Voce\ Lez + 
Ip Voo( Rah ec\ Io R 


P, = Veslez + Veclex 
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may be used to define the H parameters. Their values are 
given in Table III. For practical computation the approxt- 
mate expressions may be used. 

6-a) Select an allowable value of A.° and compute the 
values of the remaining stabilization network elements 
using the equations of Table IT. 

b) From the results of 6-a and the equations of Table 
III, the H parameters may be used in familiar formulas” * 
to give the power gain 

Ae? Rr 
(1 + H22Rzr)(Hiu + A®Rz) 
Ay,” Ri 


2 iy (2) 
Hy (1+ R1/Rc)? 
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the input impedance 


Hus + AFR, 
eS a ~ Ay (3) 
1+ HR, 
and the output impedance 
R,+ 7 1 
it 2s ARG (4) 
HR, + AZ He» 


of the circuits within the dotted blocks of Fig. 1. The 
indicated approximations are valid for A¥~ Hy 22 
which requires 1/Rc>>hw. 

7) The value of Ri selected in 6-a should be chosen to 
achieve small total dc power dissipation in the circuit at 
the upper temperature (7.e., P,) and large ac power out- 


TABLE III 
AC CrrcuIt PARAMETERS 


Circuit 1 


Circuit 2 


The exact values of the functional component H parameters are 


qd a hy) (A Se h21) 


[is 4 Re |r 


h : 
[ Das Cea 
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| Ros 


1 + hook. 
Hy = t Hi = 
A 
(1 = bee al [ (1 — Iiy2) hee 1 ( (1 — yx) (1 a hz) 
hy —— R, | Ro; hiz IRs I — IRs |x 
L EO : Plas EO ee Se ear Fad se manila ) 5 
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A A 
1 + hohe 1 + hoi) hoe 1 — fhy)(1 + he 
[ Hs earn R.| Ras \ sc ar Teo [i feet agen?) Re |b Re 
1 + hook, (1 + heoeRe) R; 1 + hook. 
Hy = Hy = = 
a ; 
hos? 1 (1 = hy») (A + h1) 1 Ah + hooRe 
ee jel 
Le Spee Peat as, Guanes Oreo ee beh ; 
(#1) Hx» = a. 
A 
ae : +3 eT : hyiho2 ey ata h21) Ry + oe Re [in + Se he) R.| Re 
({2) Hm = C 2 22NXe 3 22k, RoR3KRe + hooke 
A 
(1 ae hy2) (1 ae ho) RoR; 
= la R.| R: | kg 
[ ou 1 + hooRe = ae oy Rs + R3 


The approximate values of the above quantities are 


Cau - + hea hnRe e) Ros 


Hag ire eT yee 
He™ (hiz + hooRe) Ros He 1 @ut ee ) Ros 
A R; 
‘na 4 hoi Re) 
> (ho) Ros hia pees FS 
Ax RY Se Hy mw 
A 
[act Cae (Re ote R3 == Re) (hun + haRe) | R 
H»™ ges [slogZ Re Rs R2R3Re ae 
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A™ (hi + herRe) + Res 


and An = Hy» = Hy.H», [ot Hy, 22 


The H parameters of Circuit 3 may be found by letting Ro; > R; in the results for Circuit 1. 


7R. F. Shea, et al., “Transistor Circuit Engineering,” 
Wiley and Sons, Inc., New York, N.Y.; 1957. 

°K. Shea, “Transistor Audio Ampl lifiers,” 
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PUGa(C-eoes? 7.) hat is, the dc-to-ac efficiency n, 
=Pz1,/P, should be maximized. To obtain Nz, the equa- 
tion for the AC load line on the DC collector character- 
istics plane is approximately? 


Ver a Voerz 
Vi Rea A) Ry 


Permitting the output signal swing to extend to either axis 
of the collector characteristics fixes the output voltage 
amplitude as the smaller of the two quantities 


Tex 


Ie — Ien = — 


(5) 


a AN... Veg. 
(ines eR. a 
Thus, the ac load power is 
Mee 2 
Pree 1 /2Rz) Cex) 
1/Re + 1/Rz 
or 
Pir. = (1 2Rxr)(Veur)?. (6) 


In addition to maximizing 7,, R, should be selected to 
maximize the power gain (G,). A practical compromise 
for approaching both objectives is to maximize the gain- 
efficiency product (Gznz) of the circuit. 

The results of utilizing the foregoing design theory to 


investigate the amplifier properties previously listed are 
now discussed. 


EXPERIMENTAL RESULTS 


The results presented are based on the behavior of a 
typical small signal diffused silicon transistor. The tem- 
perature range of interest is Ty = —30°C<T< 
100°C = T,. In order to provide sufficient data to gener- 
ate a meaningful group of curves describing circuit be- 
havior, computations were performed for the set of dc 
operating points given in Table IV. In this table, for ex- 
ample, dc stability identification No. 21 indicates that the 
limiting transistor de operating points are Ic, = 0.80 ma, 
V oxy = 6.50 v and [ge = 1.20 ma, Verg = 3.50 v. From 
measurements made at the limiting temperatures and de 
operating points for case 21, Igy = 59.7ua, Ves = 
0.759 v and Igr = 38.2ua, Venez = 0.494 v describe the de 
behavior of the transistor. The corresponding ac param- 
eters are Iy1y = 1260 ohms, Izy = 3.6 X 10-4, Aory = 22.5, 
hey = 12.5 X 10% (ohms)? and Arg = 2070 ohms, hase = 
11 X 10%, how = 35.4, hoz = 48 X 10-° (ohms)- at a 
frequency of 1000 cps. The stabilization network resistors 
and power supply are assumed independent of tempera- 
ture. 

Based on the experimental data referred to in the pre- 
ceding paragraph and the de design equations of Tables 
I and II, Fig. 3 illustrates the power dissipation at T, re- 
quired to maintain various fixed dc operating point sta- 
bilities for the circuit of Fig. 1(a). The curves are num- 
bered to correspond with Table IV, as will be the case with 


*A. W. Lo, et al., “Transistor Electronics,” Prentice-Hall, Inc., 
Englewood Cliffs, N.J.; 1955. 
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Fig. 3—Total circuit power dissipation at 100°C (Px) for Fig. 1(a) 
vs external emitter resistance (Ri) at various de stabilities, 


TABLE IV 
DC Srasivity INDEX 


Stability* 

Identi- Jo,(ma) Ice(ma) Verr(v) Ver,(v) Alc(ma) AVex(v) 

fication 

Number 
1 0.30 2 8.00 3.00 Ve a 5.0 
2 7.00 3.00 4.0 
3 6.50 3.50 3.0 
4 6.00 4.00 BAY 
5 B80) 4.50 1.0 
6 i t} 325 4.75 J OFS 
7 0.60 1.40 8.00 3.00 0.8 5.0 
8 7.00 3.00 4.0 
9 6.50 S510) 3.0 
10 6.00 4.00 Pel) 
11 5.50 4.50 1.0 
12 v { DELS 4.75 i 0.5 
13 0.70 e350 8.00 3.00 0.6 5.0 
14 7.00 3.00 4.0 
15 6.50 350) 3.0 
16 6.00 4.00 2.0 
17 5.50 4.50 1.0 
18 { l 5, 2S 4.75 {| 0.5 
19 0.80 1.20 8.00 3.00 0.4 5.0 
20 7.00 3.00 4.0 
21 6.50 SOO) S20 
Ze 6.00 4.00 2.0 
23 DEOO 4.50 1.0 
24 t l os) 4.75 I) 0.5 
25 0.90 1.10 8.00 3.00 0.2 5.0 
26 7.00 3.00 4.0 
Di 6.50 3.50 SoA0 
28 6.00 4.00 2.0 
29 5.50 4.50 1.0 
30 {h l S25) 4.75 { OFS 
Sil 0.95 1.05 8.00 3.00 0.1 5.0 
32 7.00 3.00 4.0 
33 6.50 3.50 3.0 
34 6.00 4.00 2.0 
35 5.50 4.50 he) 
36 i {| S325 4.75 | OFS 


* Note that the stability identification number is merely an identi- 
fying symbol and does not in itself indicate the degree of stability of a 
circuit. 
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forthcoming figures. Considering the family of curves of 
Fig. 3, power dissipation (Pr) increases with increasing 
current stability (smaller AZ~) and decreasing voltage sta- 
bility (larger AV cz). However, if A/c becomes excessively 
large, P, does not continue to decrease but begins increas- 
ing since Ig is then forced to drift through an over-ex- 
tended range.® Curves 4 and 5 on the left of Fig. 3 illus- 
trate this. Furthermore, for a fixed de stability Pe may 
vary significantly depending on the circuit design. As in- 
dicated, for a fixed de stability, designs with relatively 
large R, require smaller power dissipation. Similar curves 
for the circuit of Fig. 1(b) show the minimum values of 
P, for a given stability are about 2 per cent to 3 per cent 
smaller compared with Fig. 1(a) with less dependence on 
R,. For the circuit of Fig. 1(c), Pr is typically 10 per cent 
to 50 per cent smaller compared with Fig. 1(a), and in- 
creases slightly with increasing Ri. According to Fig. 3, 
P, may be minimized by choosing an intermediate current 
stability and a tight voltage stability such as case 17 (see 
Table IV), and designing the circuit for a relatively large 
value of R,. The effect of this effort to minimize Py on ac 
performance is considered below. 

In calculating ac performance, the external emitter re- 
sistance (I,) is assumed to be completely bypassed (2.e., 
R. = 0), which is a special case of the general set of equa- 
tions of Table III. Three separate sets of terminal condi- 
tions are considered. The first condition assumes that the 
amplifier terminal impedances are image matched by the 
source and the load (i.e, R, = Ri and R, = Ro). The 
second condition assumes that the amplifier is an iterative 
stage (i.e. R, = Ro and R, = R;). The third condition 
assumes that R, = 10000 and that R¢ is the total load on 
the amplifier. In this case proper adjustments must be 
made in the formulas of Table III (1/Rc = 0 here) and 
in (2) through (6) [R, = Rc here] to achieve meaning- 
ful results. In general the discussion is limited to the case 
of image-matched terminations, except for instances where 
the results are radically different from the two remaining 
cases. 


Based on measurement data, the equations of Table III, 
and (2), Fig. 4 shows the ac power gain at Ty for the cir- 
cuit of Fig. 1(a) with image-matched terminations. Power 
gain (G,) increases with increasing current stability 
(smaller AJ) and decreasing voltage stability (larger 
AV cr), primarily due to accompanying increases in Rg ~ 
R,. This trend will reverse itself, of course, when 1/Re + 
1/R, equals and then becomes smaller than hos». For a 
fixed dec stability there is a noticeable maximum in a Gz 
function. The initial low values of G; are due to excessive 
input signal loss in the small R, and R, which accompany 
small R;. The final low values of G; are due to the small 
Ro which accompany large Iti, The temperature variation 
of the power gain G may not be monotonic and depends 
on dc stability as well as the circuit design. However, it 
remains within reasonable limits (—0.20 db to +2.00 db) 
for otherwise acceptable circuit designs. This stability is 
due partly to the fact that the increase of the transistor 
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Fig. 4~Amplifier ac power gain at 100°C (Gx) for Fig. l(a) with 
image-matched terminations vs external emitter resistance (R1) 
at various dc stabilities. 


current gain (/2:) with temperature is largely counter- 
acted in most circuits by the increase of the input imped- 
ance (hii) with temperature, which causes more signal 
current to be shunted to ground through the external base 
resistors. For the circuit of Fig. 1(b), the G, maxima 
typically run several decibels less than for Fig. 1(a) and 
show somewhat better temperature stability due to the neg- 
ative ac voltage feedback through R;. For Fig. l(c) the 
G» maxima are essentially the same as for Fig. 1(a). From 
Figs. 3 and 4 it is obvious that minimum de power dissi- 
pation and maximum ac power gain cannot be achieved 
simultaneously. Before proposing a solution to the dissipa- 
tion vs gain problem, several other points are considered. 

The definition of a circuit power gain is meaningless 
unless ac stability or the capacity to avoid breaking into 
oscillation exists. Since amplifier behavior is under inves- 
tigation only for the middle range of frequencies, all 
equivalent circuit elements are real, and unconditional ac 
stability prevails. 

The variation of amplifier ac input impedance at the 
upper temperature (Ri,) for the circuit of Fig. l(a) with 
image-matched terminations is shown in Fig. 5. It is evi- 
dent that Ri, is virtually independent of dc stability but 
that it increases rapidly with increasing A, for a given dc 
stability, which is due to larger A, and R;. Rize approaches 
the approximate value Mise, as R. and R; or Ry becomes 
relatively large for a fixed dec stability. Typically, Rj is 
smaller and more sensitive to load variations for the cir- 
cuit of Fig. 1(b) than in the circuits of Fig. 1(a) and (c), 
whose input impedances behave quite similarly. Since Rj 
is composed essentially of temperature-sensitive 4, in 
parallel with temperature-insensitive KR, and FR;, the tem- 
perature stability of A; improves for small R, and R; and 
deteriorates for large Re and R;. Typical changes in Rk; 
range up to 50 per cent for the cases considered in this 
investigation. 

The variation of amplifier ac output impedance at the 
upper temperature (Roz) for the circuit of Fig. 1(a) is 
shown in Fig. 6, For typical circuits Rog ~ Re. Therefore 
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Fig. S—Amplifier ac input impedance at 100°C (Rix) for Fig. 1(a) 
with image-matched terminations vs external emitter resistance 
(R:) at various de stabilities, 
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Fig. 6—Amplifier ac output impedance at 100°C (Rox) for eines, 11 (2) 
with image-matched terminations vs external emitter resistance 
(R1) at various de stabilities. 


Rox is very sensitive to the dc design of the circuit. Pri- 
marily, increasing AV or decreasing Al¢ permits larger 
Re values. Since Rg is insensitive to temperature, Ro typi- 
cally varies less than 10 per cent for —30 < T < 100°C. 
However, if Ro is moved outside the dotted blocks of Fig. 
1 and taken as the load, Ro then consists mainly of the 
transistor output impedance which is quite sensitive to 
temperature. Ordinarily, Ro is considerably smaller and 
more sensitive to source impedance changes in the circuit 
of Fig. 1(b) than in the circuits of Fig. 1(a) and (c), 
where the output impedances behave alike. 

The dynamic range or the allowable ac load current and 
voltage swings of an amplifier frequently are the principal 
factors which determine the quiescent or de operating 
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Fig. 7—Amplifier dc-to-ac efficiency at 100°C (nx) for Fig. 1(a) 


with image-matched terminations vs external emitter resistance 
(Ri) at various de stabilities. 
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Fig. 8—Amplifier gain-efficiency product at 100°C (Gxnx) for Fig. 
1(a) with image-matched terminations vs external emitter re- 
sistance (Ri) at various de stabilities. 


point, J~¢ and Vey. Greater values of I¢ and Veg permit a 
larger dynamic range. Operating point stability is neces- 
sary to maintain a stable dynamic range. For a given de 
stability the maximum load power is derived for circuit 
designs with R, somewhat smaller than it is for maximum 
power gain. 

The de-to-ac efficiency of an amplifier n» = Pre/Pe in- 
dicates the degree of utilization of its potential dynamic 
range. Maximizing % provides for large ac output power 
and small de power dissipation. Fig. 7 shows the efficiency 
of the circuit of Fig. 1(a) at T, for image-matched ter- 
minations. Although the 4, maxima, unlike the G, maxima, 
do not appear to depend strongly on AJ¢, the increase in 
P, which accompanies relatively large Aly (see Fig. 3) 
causes 7 to decrease. The maxima appear to increase 
sharply with increasing AVcy. This trend is arrested by 
two factors: 
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1) The continuing increase in P, with increasing AVcr, 
as demonstrated by the reversal in curves 29, 28, and 27. 


2) The decrease in Pre brought about when 1/Kce a 
1/R,, equals and then becomes smaller than hzzz. 


The circuits of Fig. 1(a)-(c) behave in a generally similar 
manner with regard to efficiency. The maximum per cent 
efficiency achieved for Fig. 1(a) is about 1 per cent smaller 
than for Fig. 1(c) and about 1 per cent larger than for 
Fig. 1(b). 

On the basis of the results discussed up to this point, it 
appears that a useful figure of merit for comparing micro- 
electronic small signal amplifier designs is the product of 
power gain and efficiency (Ge). From a relative point 
of view a maximum value for G,q, requires a large ac 
power gain, a large dynamic range or ac power output 
(Pre), and a small de power dissipation (Pr). Fig. 8 
shows the gain-efficiency product for the circuit of Fig. 
1(a) with image-matched terminations. The optimum am- 
plifier design represented in this figure is the maximum 
point on the curve for dc stability No. 21. The circuit de- 
sign is R, =13200, R2 = 137000, Rs = 542000, Re = 
62500, and Veco = 12.5 v. The performance data is Pz = 
175 mw, Ge = 28 db, Ric = 17300, Roz = 483030, and 
N2 = 6.28 per cent. 
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CoNCLUSIONS 


The relationships between dc power dissipation and ac 
power gain, both de and ac stability, ac terminal impedance 
values, dynamic range, and de-to-ac efficiency have been 
set forth for the most common small signal transmission 
circuits, The results indicate that by careful design it is 
possible to achieve a small signal amplifier wtih both pre- 
mium ac properties and low dc power dissipation. This is 
accomplished by utilizing a novel design theory which 
treats a transistor and its biasing resistors as a signal en- 
tity in maximizing the gain-efficiency product of the am- 
plifier. This product, which interlocks the demands for 
excellent ac and de designs, is a useful figure of merit for 
microelectronic small signal amplifiers. Perhaps the most 
vital improvements still necessary for enhanced amplifier 
performance are improved temperature stability of the ac 
properties, power gain, and input impedance. Also, the 
effects of pore dissipation on sensitivity, bandwidth, and 
noise figure are of interest. Additional investigation of 
these probelms is necessary. 
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A Thermal Design Approach for Solid-State Encapsulated 
High-Density Computer Circuits* 
A. E. ROSENBERG#, ASSOCIATE MEMBER, IRE, AND T. C. TAYLOR# 


Summary—This paper considers the thermal problems asso- 
ciated with the design of high component-density encapsulated 
circuits, constructed with small solid-state components. The 
thermal resistance to the dissipation of component-generated 
heat is shown to consist of that of the encapsulating medium, 
plus that of the external circuit cooling process. Because the 
external cooling becomes more difficult as the size of an en- 
capsulated circuit is reduced, a method of constructing such 
circuits is proposed which minimizes the thermal resistance due 
to the encapsulating medium. This construction makes a large 
fraction of the allowable component temperature rise available 
for use in the external heat dissipation process by providing 
high thermal conductance paths for the transfer of heat from 
the surfaces of the components to one surface of the circuit 
structure. Analytical models are developed for the most im- 
portant heat transfer processes in the proposed circuit structure. 
The equations based on these models are arranged in a form 
suitable for design use, and example designs are presented. 


* Received by the PGMIL, April 12, 1961. 
+ Epsco, Inc., Cambridge, Mass. 
t Raytheon Co., Semiconductor Div., Newton, Mass. 


INTRODUCTION 


HE practice of plastic encapsulation of circuits com- 

posed of small components and their associated wir- 

ing has achieved wide acceptance recently. By the 
use of this practice, a circuit, or multicomponent portion 
thereof, is concentrated into a single, component-like struc- 
ture. The use of such structures in building more complex 
circuits offers many possible advantages, including simpli- 
fied circuit testing and maintenance, simplified chassis and 
hardware design, saving of space, improved structural re- 
liability, and improved functional reliability in certain re- 
spects. With the increasing availability and use of micro- 
miniature components, it seems likely that circuit encapsu- 
lation techniques, or their equivalents, will be used more 
widely than heretofore. This conclusion is derived from 
the fact that it is necessary to accomplish the hookup wir- 
ing and structural fabrication of a circuit in an amount of 
space which is in keeping with the component dimensions, 
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if the microminiature character of the components is to be 
reflected in the size of a multicomponent circuit. The de- 
sirability of a solid encapsulating medium, which pro- 
vides reliable electrical insulation and structural support 
for the components and wiring, is apparent. 

As is well known, the problem of waste heat dissipation 
becomes more severe as a circuit containing a fixed num- 
ber of components is made to occupy smaller volumes. 
This is so because the external surface area of the circuit 
structure is less for smaller volumes, and therefore re- 
quires a higher heat flux to remove waste heat at a fixed 
total rate. Since the waste heat from encapsulated circuit 
structures is usually removed to some fluid medium at the 
surface of the encapsulant, the problem is viewed as pri- 
marily one of convection, for which Newton’s cooling law 
applies.*? 

g = hAd, (1) 


where ; 
q=the heat transfer rate, watts. 
h =the surface heat transfer coefficient, watts/in?, °C. 
A =the area of the heat transferring surface, inches?. 
6=the difference in temperature of the surface and 
the fluid medium, °C. 


This relationship shows that a large heat flux can be 
obtained either by means of large heat transfer coefficients, 
or large temperature differences. Since the surface-to-fluid 
temperature difference must be contained within the tem- 
perature difference between the circuit components and the 
fluid medium, and since the components have upper-limit- 
ing temperatures for satisfactory life and/or operation, a 
restriction on the maximum value of 4 exists. Further- 
more, increases in the value of the coefficient are obtain- 
able only at the expense of equipment whose space re- 
quirements are chargeable to the circuit miniaturization 
which makes such equipment necessary. In summary, 
therefore, a “squeeze” develops in the problem of waste 
heat dissipation as a result of circuit miniaturization. It 
therefore is desirable to develop a circuit encapsulation 
technique which minimizes the difficulty of waste heat 
disposal from microminiature circuit structures, without 
undue loss of the characteristics ordinarily sought in an 
encapsulated structure. It is the purpose of this paper to 
propose such a technique, and to develop a rational design 
procedure for its use. Before doing this, the over-all prob- 
lem of heat transfer from a component which is located 
within an encapsulated circuit is considered briefly in 
order to provide a basis for understanding the proposed 
technique. 


Heat TRANSFER FROM AN ENCAPSULATED COMPONENT 


Consider a block of plastic encapsulant, containing a cir- 
cuit consisting of a number of components and their asso- 


*The equation may also be applied in cases where radiant, con- 
ductive, or combined-mode heat transfer processes are involved, pro- 
vided the coefficient h is properly defined for such cases. 

*M. Jakob, “Heat Transfer,’ John Wiley and Sons, Inc., New 
Workw Ney esvolele pez 1949: 
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ciated wiring. The problem of heat disposal is studied 
from the viewpoint of one heat generating component of 
this circuit, as illustrated in schematic section in Fig. 1. 
If the surface of the component is not to exceed a certain 
temperature Tc, and the temperature of the cooling fluid is 
T’;, then it is necessary to transfer heat from the compo- 
nent to the fluid according to 


Ohfer CT, ri T;) (2) 


where 

qe = the heat generation of the component in watts, and 
Ce = an over-all thermal conductance, watts/°C. This 
thermal conductance is similar to an over-all heat trans- 
mission coefficient, as used in heat transfer analysis, and 
accounts for heat transfer by any of the modes in any 
parallel-series combinations. In a form more convenient 
for use, (2) may be rewritten as 


(3) 
where 
6, = ( in T;) 


and FR. = the over-all thermal resistance as viewed from 
the surface of the component. 


COMPONENT 


AMBIENT FLUID 
AT TEMPERATURE 


PLASTIC ENCAPSULANT 
BLOCK 


Fig. 1—Schematic section of a plastic-encapsulated circuit structure, 
showing one of the components. 


If the cooling fluid surrounds the entire plastic block of 
Fig. 1, the component’s heat may be transferred to the 
fluid by conduction in any direction through the plastic, — 
followed by convection from the surface of the plastic into 
the fluid, accompanied by radiation, if the fluid is a gas. 
Separating the thermal resistances associated with the con- 
duction and fluid transfer processes, 


R, = R; + R,, (4) 
where, 

R; = the thermal resistance for heat conduction through 
the plastic, and R; = the thermal resistance for heat trans- 
fer by convection, or convection and radiation, from the 
surface of the plastic into the fluid. 

The proper object of a thermal design for a circuit 
structure is the minimization of R.. As indicated earlier, 
the development of smaller circuit structures places a par- 
ticular burden on the external heat dissipation problem, 
as represented in (4) by R;. Therefore, the design of the 
interior of the encapsulated circuit should provide as small 
a value as is practical for R;, so that the problem of ex- 
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ternal heat dissipation is not aggravated unnecessarily. 

Returning to Fig. 1, it may be seen from the general 
form of Fourier’s law of heat conduction®* that the ther- 
mal resistance due to heat conduction in an encapsulant is 
not large if the component is placed close to a heat dissi- 
pating surface, such as AC. Suppose, however, that the cir- 
cuit structure of Fig. 1 is only one of many, and that it is 
desired to place them all close together, perhaps even 
touching, so that the space savings won by the develop- 
ment of microminiature circuit structures can be con- 
served in the combination of many such structures. In this 
event, there may not be more than one external surface of 
the encapsulant block exposed to the cooling fluid. If this 
surface were BD of Fig. 1, it is clear that the particular 
component shown is in a bad position, since it is subject 
to a large value of K;. The problem might be solved easily 
if components can be interchanged in position so as to 
shift those of a critical temperature sensitive and/or heat 
generating character to positions near the cooled surface. 
This method of solution might lead to wiring difficulties, 
however, and is useless if many of the components are 
thus critical. What is needed, therefore, is a method of 
providing low thermal resistance paths from all parts of 
the encapsulated block to the one or two surfaces which 
are cooled. A method of doing this is to use a laminated 
structure in place of the encapsulated block, wherein some 
of the layers are a substance of high thermal conductivity, 
such as copper, silver, or aluminum. These layers act as 
extensions of the cooled surface within the structure, giv- 
ing a reduced value of R; at a modest cost in space and 
inconvenience. 

The introduction of metal layers within the block makes 
necessary the adoption of two-dimensional wiring habits, 
or, in other words, a circuit-board or wafer layout tech- 
nique. The necessary connections between wafers can be 
made around the edges of the metal layers. The next sec- 
tion describes the proposed construction. 


DESCRIPTION OF THE MODEL 


In order to satisfy the criteria set forth in the Introduc- 
tion, and the concept of a system of building modules 
stacked and in intimate contact, the model as shown in Fig. 
2 (opposite) is proposed. 

The model consists of an assembly of miniature electri- 
cal components, an interconnecting array of conductors 
(including the external leads), an insulating board (here- 
after called the component board, since it has the compo- 
nents and their associated wiring embedded within it), a 
transfer plate, and a heat sink or collector plate. The basic 
parts of the module are assembled by means of a suitable 
plastic material. The arrangement of the basic parts is 
shown schematically without regard to scale or the rela- 
tive sizes. The arrangement of the basic parts within the 
module is intended to accomplish the following: 


2 See also (14) of Appendix I. 
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1) The geometry allows the shortest possible distance 
from each source of heat to high thermal-conductivity ma- 
terial which forms a continuous path to a heat exchanger. 
In addition, ease of construction and the over-all size ad- 
vantage given by the components themselves are not to be 
compromised. 

2) The geometry allows the availability of external 
leads in the greatest quantity without sacrificing ease of 
construction and the over-all size advantage given by the 
components themselves. Also the flexibility of external 
leads arrangement allows interconnection between as- 
semblies of modules.. 

It will be shown in later sections that the metal transfer- 
plate thickness is a small percentage of the over-all thick- 
ness of the assembled module. Furthermore, the electrical 
components can be located a small distance from the trans- 
fer plate. Therefore, the sacrifice in space for the optimum 
transfer of heat is small, and consequently, the over-all 
design is attractive when compared to other techniques for 
assembly offering less favorable thermal conductance 
paths. The availability of plastic materials offering dielec- 
tric strengths in excess of 300 v/mil is excellent. There- 
fore, the insulating capability of this type of structure is 
not a limiting factor for most computer circuits. 

A typical NOR logic circuit using miniature compo- 
nents is chosen to illustrate the construction of the model. 
Fig. 2(c) is the schematic diagram, and Fig. 2(d) shows 
the layout of the interconnecting array of conductors and 
components prior to assembly in the insulating board, or 
component board. In the construction of the module, two 
approaches can be used. One is shown in Fig. 2(a), where 
a component board of insulating material is provided with 
grooves and component cavities, made either by machining 
processes or molding, and where the circuit subassembly 
is first fitted into the grooves and cavities and then secured 
by using a suitable potting compound. The other is shown 
in Fig. 2(b), where the circuit subassembly is potted or 
molded onto the transfer plate, thereby forming the com- 
ponent board in the assembly operation. 

Fig. 3 (page 220) is a schematic drawing which illus- 
trates a subassembly of a number of modules. It is seen 
that subassemblies can be joined to form larger circuit 
structures. The availability of terminals on three surfaces 
of a subassembly allows for the convenient interconnection 
of subassemblies. : 

Techniques are well known for attaching metal to plas- 
tic, molding or potting plastics, and welding or soldering 
lead connections. These techniques can be applied to the 
proposed model to achieve a reliable assembly which can 
meet the usual environmental requirements for military or 
commercial computers. The techniques themselves are out- 
side the scope of this paper, and will not be discussed. 
However, it is important to point out that present day 
commercial practice can be used in fabricating the model, 
and subminiature components are available which satisfy 
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Fig. 2—a) Model assembly using a grooved component board. b) 
Model assembly using a cast or molded component board. c) 
Schematic diagram of a typical NOR circuit. d) Wiring dia- 


gram of atypical NOR circuit. 
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—EXTERNAL LEADS 


DUCTS 


COLLECTOR PLATES 


INSULATING BOARD 
——TRANSFER PLATES 
Fig. 3—Schematic illustration of a subassembly consisting of a 


number of modules, each composed of a component board and its 
transfer and collector plates, all attached to a coolant duct. 


the parameters chosen for analysis in this paper. There- 
fore, the essential elements are available today for a sig- 
nificant step forward in the packaging of high-density 
solid-state computer circuits. The effort required to pro- 
duce any advance in high-density circuit packaging would 
seem to be well justified, since current thought indicates 
that such alternatives as “molecular electronics” may re- 
quire several years for development.* 


THERMAL ANALYSIS 


It is now desired to develop an analytical model to de- 
scribe the thermal performance of the circuit structure 
which has been proposed. In doing this, it is again conven- 
ient to think of the heat generated by the components as 
having to traverse a series of thermal resistances in order 
to be dissipated to the cooling fluid. The situation is repre- 
sented schematically in Fig. 4, both as a sectional view of 
a component board with three components, together with 
the adjacent transfer plates above and below the board, 
and as a thermal equivalent circuit. This thermal equiva- 
lent circuit assumes one-dimensional heat flow. The upper 
portion of Fig. 4 is equivalent to the view of the assembly 
shown at the right of Fig. 2(b), except that actual com- 
ponent shapes are suggested and a transfer plate is shown 
on each side of the component board instead of only on 


*H. Q. North, “Where are we going with semiconductors and 
molecular electronics?” Electronic Ind., vol. 19, pp. 76-77; August, 
1960. 
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Fig. 4a) Schematic section model and, b) thermal equivalent cir- 
cuit of a component-board transfer-plate-collector-plate module. 
Location numbers on the two diagrams correspond. Short arrows 
show the direction of local heat flow. 


one side as in Fig. 2(b) [or Fig. 2(a)]. As suggested 
earlier, the actual method of module construction would 
presuppose the placing of a transfer plate on only one face 
of a component board. When the modules are stacked to- 
gether, however, each component board comes in contact 
with a transfer plate belonging to the next component 
board. On the average, therefore, each single component 
board enjoys the possibility of dissipating its generated 
heat to one “half-transfer plate” on each of its faces. The 
thermal equivalent circuit is diagrammed as though both 
of the half-transfer plates for this component board were 
on one side of the board. From the viewpoint of any one 
of the components, the thermal resistance between it and 
the cooling fluid is given by 


Wee iy Se ass, (S) 


where Jt, is the thermal resistance of that portion of the 
transfer plate which lies between the component location 
and the collector plate. For the component located farthest 
from the collector plate, this is given by. Rpimazy. Re is the 
thermal resistance of the encapsulant and must be defined in 
recognition of the fact that heat conducts both above and 
below the components to the nearest half-transfer plate. 

By comparing (4) and (5), it is seen that 

ae =R.+ Ry (6) 

for the structure proposed. 

From the form of (3), it is seen that it is necessary to 


define the heat to be transferred through a given thermal 
resistance if the required temperature drop is to be known. 
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Therefore, the difference in temperature between a par- 
ticular component surface and the cooling fluid may be 
obtained from : 


Oc; = Be: te Oo; ae Oy, (7) 
where 
6.5 = Gerdes (8a) 
One = Ras Gy ODN ee Gen) (8b) 
and 
N 
0; = ( > as) Ry (8c) 
ul 


It may be noted from (8a-c) that the value of 6,; de- 
pends on the heat generation rate of the individual compo- 
nent, whereas the other temperature differences, 9); and 
0;i, depend on the generation of heat by all of the other 
components in the board as well, where N denotes the 
total number of components. In addition, it may be de- 
duced from Fig. 4 that R.; is a function of the individual 
component size and shape, while Rp; is a function of its 
position on the board or distance from the collector plate. 
Since the purpose of the collector plate is to accumulate 
the waste heat from all of the components and transfer it 
to a heat sink or cooling fluid, it follows that R; is the 
same for all components. 

It is difficult to construct specific forms of (8a) and 
(8b) which are both exact and generally applicable. It is 
not difficult, however, to develop forms which are reason- 
ably accurate and which are suitable for design use. For 
design application, it is desirable that the approximations 
used in deriving specific forms of (8a-c) err on the side 
of predicting a larger value of 9%, 4), 9; than the actual 
value of these quantities. 

A useful form of (8a), which is derived in Appendix I, 


is 
pa (0) 
8k. Ac 
where 
0. = the temperature difference between the component 
surface and the transfer-plate surface, °C. 
dc = the heat generation rate of the component, watts. 
k, = the thermal conductivity of the encapsulant, watts/ 
rah ak Oe 
te = the thickness of the component board (see Fig. 6), 
inches. 
te = the “thickness,” or maximum “diameter” of the 


component, measured parallel to the component- 
board thickness (see Fig. 6), inches. 

A, = the projected area of the component on any sur- 
face parallei to the transfer plates (see Fig. 6), 
inches.” 

Eq. (9) is based on the assumption of one-dimensional 
heat transfer by conduction between the surface of the 
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component and the surfaces of its two nearest transfer 
plates. 

A useful form of (8b) is derived in Appendix II, and is 


1 N 
6 sy ct b) 
/ ow) e : ) 
where 


i. 

0) =the temperature difference between the “free” 
edge of the transfer plate and its edge, or “root 
section” at the collector plate, °C. 
the thermal conductivity of the transfer-plate ma- 
terial, watts/in, °C. 

ty = the thickness of the transfer plate, inches. 

r = w,/L, dimensionless. 
w@, = the width of the transfer plate, normal to the di- 
rection of heat flow, inches. 
L = the length of the transfer plate, measured parallel 
to the direction of heat flow, inches. 

Eq. (10) is based on the assumption that heat flow in the 
transfer plates is one dimensional (see the discussion in 
Appendix II). Eq. (10) is for the particular case of a 
component which is positioned at the greatest possible dis- 
tance from the collector plate, since the use of this assump- 
tion in the thermal design allows the greatest freedom of 
layout to the circuit designer. 

A useful form of (8c) may be written by inspection as 


=aaeS 
0, = ) ( ws), 
i Gx = 
where 


U; = the over-all heat transmission coefficient required 
of any external cooling arrangement, used to re- 
move heat from the collector plate, watts/in?, °C. 


(10) 


(11) 


and 
A; = the surface area required in the external cooling 
device. mehes:. 
The substitution of (9)-(11) into (7) gives an ex- 
pression for the temperature difference between the sur- 
face of a component and the cooling fluid as follows: 


abe = te 
«= a 
1 1 
+L Gee) * Ga) I 


It is possible, of course, to simplify an expression such 
as (12) in special cases. Circuits consisting entirely of a 
large number of thermally identical components would 
constitute one such case.® Since most real design problems 
involve a variety of components of different characteris- 
tics and types, we shall use (12) as a basis for design 
without further simplification. 


ee i). (12) 


7 


XS. Morrison, “Thermal evaluation of microminiaturized elec- 
tronic equipment,” Semiconductor Products, vol. 3, pp. 25-26; No- 
vember, 1960. 
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Eq. (12) represents, in approximate form, the effects of 
all of the principal structural variables on the “tempera- 
ture rise” of a component, operating in the proposed type 
of circuit structure. From a thermal viewpoint, the struc- 
ture is considered successful if it achieves a small value 
of 6; at a small expense in volume devoted to its transfer 
plates and the collector plate. Therefore, it is seen from in- 
spection of (12) that it is desirable to use high thermal 
conductivity materials for the transfer plates, in order to 
minimize their required thickness. Although the compo- 
nent board dimension ratio r has the same analytical im- 
portance as k, and fp, it is usually not possible to manipu- 
late this value appreciably since circuit structures of in- 
convenient shapes would result. It is apparent, from the 
first-term right-hand member of (12), that it is desirable 
to use the minimum component board thickness which will 
successfully embed the components, since this results in a 
minimum thickness of low thermal conductivity encapsu- 
lant between the components and the transfer plates. If 
the thermal conductance of the paths from the component 
to the transfer plate and through the transfer plate to the 
collector plate have been maximized, the circuit structure 
design is completed from a thermal viewpoint. The only 
remaining contributor to the component temperature rise 
is the external thermal resistance, represented by the term 
(1/U;A;). The manipulation of this term is not entirely 
within the province of the encapsulated circuit design 
problem, but should be considered in conjunction with the 
thermal problems of the larger system of which this struc- 
ture may be but one part. This subject will be considered 
again when the equations given above are used to calculate 
some example designs. At this point, it suffices to note that 
the term (1/U;A;) has the dimensions of a thermal resist- 
ance, and represents that resistance as viewed from a point 
on the collector plate. If the cooling fluid is applied di- 
rectly to the plate, this term would simply be (1/h;4,;), 
where h; is a convection coefficient which is appropriate 
for the fluid used and its state of flow, and 4; is that share 
of the total collector-plate surface which is serving each 
component board. In some instances, it may be desired to 
use more complicated, and more effective heat disposal 
systems, which involve additional conduction of the heat 
through metal fins to larger surface areas A; exposed to 
the cooling fluid. It is then appropriate to use the more 
general term U; in preference to a simple convection co- 
efficient hj. 


It is pointed out that (12) does not contain any terms 
descriptive of the absolute size of the component board 
other than its thickness. Therefore, the temperature rise 
for a fixed set of components is the same for any compo- 
nent board in which they are placed, irrespective of size, 
provided the shape, as defined by the factor 7, is the same. 
It must be observed, however, that smaller component 
boards result in an aggravated external cooling problem, 
making it difficult to achieve a satisfactory value of the 
(U;A;) product. 

The analysis has thus far tacitly assumed that it is pos- 
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sible to obtain the thermal information about components 
which is needed for the proper design of circuit structures. 
Such information consists of a statement of a component’s 
maximum allowed external surface temperature as a func- 
tion of power dissipation rate. Unfortunately, components 
are not always so rated by their manufacturers, so that the 
circuit designer may have to test, calculate, and sometimes 
guess such information, as he has had to for many critical 
component applications in the past, whether encapsulated 
or not. For semiconductor devices, it is often possible to 
derive the thermal characteristic required from the manu- 
facturer’s information about the internal thermal resist- 
ance of the device. 


DESIGN EXAMPLES 


It is now desired to illustrate a way in which the infor- 
mation developed in the thermal analysis might be ap- 
plied to the design of example circuit structures. For this 
purpose, it is convenient to rearrange (12) to the form 


af (0. =" 02) aes 
CU, = 13 
( 2 ) 1 1 We 
Det UpAy 


Eq. (13) may be used to design a single component board 
from a thermal standpoint. Suppose, for example, that the 
circuit designer wishes to incorporate N components into 
a single board. The number N will have been determined 
from the nature of the circuit to be constructed, considered 
together with the absolute size of the board desired and 
the physical possibility of wiring N components within 
that size. The first step in the thermal design is to evaluate 
the term (9. — 6.) for each of the components. For this 
purpose, 9. is the maximum allowable surface tempera- 
ture rise (over the contemplated cooling fluid tempera- 
ture) of the component, and 9, is the value given by (9) 
for the component. In this way, the least value which is 
(9. — 9¢)min Of (13) is found. Components which have 
small physical size, and/or low allowable maximum tem- 
perature, and/or high-power generation rates tend to give 
small values of (9. — 9), so that some experience and 
judgement may shorten the labor of this design step if 
large numbers of components are involved. 

The next step evaluates the denominator, right-hand 
member of (13), for the contemplated material and thick- 
ness of the transfer plates and for achievable values of the 
(U;A;) product. In general, for miniatute and microminia- 
ture components, transfer plates of copper or aluminum 
are adequate even if they are substantially thinner than the 
component boards, and, keeping this fact in mind, the 
thicknesses of several gauges of sheet may be tried as 
values of tp. In assigning values of the (U;A;) product, 
one must develop an appreciation for the external heat 
transfer problem of the circuit and consider what can be 
made reasonably available as a means of external heat 
disposal. If the circuit structure is to be used as part of a 
larger assemblage of structures, none of which generate 
heat, the principal mode of cooling may consist of free con- 
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vection from both the circuit structure and other solid ele- 
ments to which it is attached-and to which it transfers 
heat by conduction. If the ambient is to contain a large 
number of other heat sources, with little room for air cir- 
culation, it is necessary to take more positive measures to 
cool the circuit structure such as forced air cooling, liquid 
immersion cooling, or forced circulation liquid cooling. The 
latter measures are seldom justifiable for one small circuit 
structure since their space, weight, and other requirements 
are usually appreciable. The subject of external cooling is 
clearly beyond the scope of the present analysis, and it 
therefore is disposed of with the final observation that it is 
possible, by use of appropriate sources on heat transfer, 
to deal with most problems of this kind. 

With the evaluation of the terms of the right-hand 
member of (13), one may calculate 


(E») 


which is the total heat generation allowed for a single com- 
ponent board. At this point, the designer must compare 
the result with his original plan for incorporating N com- 
ponents on the board by calculating ; 


(=), 


which is the design value based on the original plan. If 
this value is less than or equal to that given by (13), the 
proposed design is feasible from the viewpoint of heat 
transfer within the circuit structure. If 


is greater than the value given by (13), the proposed 
design is thermally limited, and it is necessary to redesign. 
The redesign may take a variety of forms, such as: 

1) A different breakdown of circuit functions which 
uses a smaller number (less total heat generation) of 
components on each board. 

The use of a different external cooling technique or 
larger heat exchange surface, or both, in order to 
achieve a larger value of the (U;A;) product. 

The use of substitute critical components which have 
a higher temperature capability as measured by 4.. 
The use of special hardware, such as high thermal- 
conductivity metal strips around the critical com- 
ponents to connect them to the transfer plates and 
thereby achieve a smaller value of 4. 

The use of thicker and/or higher thermal-conductiv- 
ity transfer plates. 

Fig. 5 is a plot of two example designs which are based 
on calculations using (9) and (13). In the design repre- 
sented by the upper family of curves, it is assumed that the 
value of (8 — 9¢)min is determined by a sophisticated 
design of silicon transistor, having a package 0.180 inch 
in diameter and 0.050 inch thick. The limiting transistor 
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4) 
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Fig. 5—Plot of the heat loading allowable on a single-component 
board as a function of the external cooling process, and the 
transfer-plate design, based on the two examples of the text. 


surface temperature is assumed to be 175°C, with an avail- 
able coolant for external cooling at 25°C. It is desired 
to operate this transistor at a dissipation of 0.40 watt. The 
component-board dimensions are taken as 0.070 inch thick, 
by 1 inch, by 1 inch, and a typical epoxy embedment com- 
pound is assumed. Copper transfer plates, 0.002, 0.004, or 
0.008 inch thick are tried for design purposes. The dashed 
vertical lines represent typical values of the external 
(U;A;) product based only on the area of one edge of 
the component board and transfer plate, for four methods 
of external cooling. Larger values of this product are ob- 
tainable for any of the cooling methods by the use of ex- 
tended-area heat transfer devices using the same cooling 
fluid. The plot may be read at any value of the (U;A;) 
product for the corresponding value of 


For example, it may be seen that if typical forced con- 
vection air cooling is made available only at the collector- 
plate surface, each component board is able to accommo- 
date components which total about 0.10 watt in power 
dissipation. Therefore, the example design is thermally 
limited, since the 0.40 watt of the transistor cannot be dis- 
sipated. It is therefore necessary to use a more elaborate 
cooling method, such as an extended surface forced-air 
heat exchanger, or liquid cooling at the collector plate. 
This conclusion is verified by an examination of (13) for 
this case, where it is seen that the thermal resistance 
(1/U;A;) is the principal obstacle to dissipating the tran- 
sistor’s heat, and therefore only drastic changes in this 
value can salvage the intended design. This thermally- 
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limited example was chosen to point up the fact that 
microminiature circuit structures are hard-pressed from a 
heat dissipation viewpoint if components of high heat 
generation are used, and it is necessary in sophisticated de- 
signs to make special “nonminiaturized” provisions for such 
components. Experience has shown that many useful cir- 
cuit structures can be designed with individual component 
dissipation rates on the order of 0.01 watt. If this value 
had been used in the example above, the plotted values of 


(=) 


would have been approximately 26 per cent higher than 
those of Fig. 5, and it would be possible to place from 
three to twelve such components in the example board by 
the use of simple free or forced convection air-cooling 
techniques. It is for this and lower average component 
power generation that the encapsulated circuit structure of 
many components becomes an appropriate circuit-building 
technique. 

For comparison, another design example is shown in 
Fig. 5 for which all of the conditions are the same as 
described previously, except that a germanium transistor 
is assumed as the critical component. The maximum sur- 
face temperature allowed for the outside of this component 
is 85°C. It may be noted that the allowable power loading 
for a component board in this instance is about 24 per cent 
of that which can be obtained using the silicon device for 
comparable conditions of external cooling. 

For both of the design examples given in Fig. 5, it may 
be noted that the various transfer-plate thicknesses which 
are considered result in the same performance at low- 
power dissipations, but begin to be noticed in the over-all 
thermal resistance at high-power values. It is clear, how- 
ever, that it is possible to handle component-board heat 
loadings of from 0.1 to 1.0 watt with copper transfer plates 
which are only a few thousandths of an inch thick. This 
figure is but a small fraction of the component-board 
thickness required for present-day components, and there- 
fore, the transfer-plate cooling scheme is able to function 
effectively at a very modest cost in space requirement. 


APPENDIX I 


HeAT CONDUCTION IN THE COMPONENT BOARDS 


It is desired to develop an analytical model for the con- 
duction of heat in the component board. This is the con- 
duction process which transfers the heat generated by the 
components to the surfaces of the transfer plates. Since 
microminiature components exist in a variety of shapes, it 
is not practical to develop a conduction model which is 
both generally applicable and exact for all cases. Since 
the basic purpose of the proposed circuit structure is to 
provide adequate heat removal from the components, it 
suffices to develop a model which, if not exact, errs on 
the conservative side by overestimating the thermal resist- 
ance of the encapsulant between the component and the 
transfer plates. Such conservatism is healthy for the first 
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stages of design. For a limited number of critical com- 
ponents, the following model can be replaced by a more 
exact analytical development, or experimental data. 

The component is visualized as shown schematically in 
Fig. 6, located within an encapsulant, midway between the 
surfaces of two transfer plates. The greatest dimension of 
the component measured parallel to the component board 
thickness is te. In general form, the heat conduction equa- 
tion may be written as 


qg= ) (14) 


gq = the heat conduction rate, watts. 

k =the thermal conductivity of the medium, watts/ 
ine 

§ =the temperature difference between points Li and 
i Be A: 

L =the length coordinate parallel to the direction of 
heat flow, inches. 

A = the cross-sectional area of the medium, normal to 
the direction of heat flow, inches’. 


Eq. (14) is strictly applicable only to use where the points 
L, and L, are located on isothermal surfaces. In this case, 
it is assumed that the component surface and the transfer- 
plate surface are isothermal, or can be thought of as hav- 
ing average temperatures which are nearly constant in the 
region considered. For the cases shown in Fig. 6, the 
approximation used is that the cross-sectional area of the 
heat flow path is equal to the projected area of the com- 
ponent on the transfer plate, and the length of the conduc- 
tion path is approximated as 


UL [Pie =e be 
aa : 
2 Z Z 
Eq. (15) is the average of the greatest and smallest dis- 
tances which can be found between any point on the com- 
ponent surface and the corresponding nearest point of the 
transfer-plate surface. Therefore, if the projected area of 


the component on the transfer plates is A,, an approxi- 
mate form of (14) is 


1h 


(15) 


2k6 
oS Sea) Wi a ea 
(= = “) 
4A, 
where the factor of two in the numerator is derived from 
the fact that it is necessary to account for the conduction 
of heat from a component to its two nearest transfer plates. 


By rearrangement and specific definition of terms, (16) 
becomes 


WS (16) 
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Co) ae eae ey 


iN) 
8k. A, a 


1961 


COMPONENTS IN TOP VIEW 


TRANSFER PLATE 


Se ee EE 
COMPONENT—_ ~LLALZA Ys 
BOARD oo) 
TRANSFER PLATE SS LE PE OD, 


COMPONENTS IN EDGE VIEW 


be LECTOR 
PLATE 


SS DENOTES PLANAR AREA USED AS Ac 


IN EQUATION (17 ) 


EZ sectional VIEW OF REGION To 
WHICH HEAT CONDUCTION IN THE 
ENCAPSULANT IS ASSUMED TO 
BE CONFINED 


Fig. 6—Schematic illustration of a component board sectioned 
through the plane of three components and showing dimensions 
and areas important to the process of heat conduction in the 
encapsulant. 


which is identical to (9) of the text, and where 

9. = the temperature difference between the component 
surface and the transfer-plate surface, °C. 
the heat generation rate of the component, watts. 
the thermal conductivity of the encapsulant, watts/ 
ies Ge 


| 


Je 
Re 
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This relationship is conservative, in that it gives a higher 
value 9. than actually occurs for any component having 
planar or convex external surfaces. This conservatism re- 
sults from the neglect of heat conduction through the plas- 
tic encapsulant outside of the projected ‘‘shadow region” 
between the component and the transfer plate. 

Heat conduction occurs outside of this region as well 
as within it in real cases, both because of the three-dimen- 
sional geometry involved and because of heat conduction 
from the wiring structure. 


APPENDIX I] 
HEAT CONDUCTION IN THE TRANSFER PLATES 


Heat conduction in the transfer plate is the process by 
which the heat generated in the components, after leaving 
the component board near its point of generation, is con- 
veyed to the collector plate at one edge of the transfer 
plate. This process is approximated as a one-dimensional 
heat flow, assuming that heat is introduced at a uniform 
rate per unit area into both faces of the transfer plate. 
In fact, the heat is introduced in small areas near the com- 
ponents and encounters a spreading resistance. It will be 
shown later, however, that this spreading resistance usually 
can be neglected in high component-density structures. 

Fig. 7 represents the analytical model for the transfer 


plate, where 


qa = the average (assumed uniform) power genera- 
tion density, watts/in’, 

a the length coordinate, inches, 

tp = the thickness of the transfer plate, inches, 
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Fig. 7—The one-dimensional analytical model for the process of 
heat conduction in the transfer plate. 


w, = the width of the transfer plate, normal to the di- 
rection of heat flow, inches, 

kp = the thermal conductivity of the transfer plate ma- 
terial, watts/in, °C, 

0) =the temperature difference at any point of the 


transfer plate over the temperature at + = L, °C, 
L = the length of the transfer plate, measured parallel 
to x, inches. 


Sig. 7 shows the collector plate as integral with the ter- 
mination or root section of a transfer plate. Although this 
is the analytical model of the collector plate, its actual 
construction may, in many cases, be somewhat different. 
For example, the extended edges of transfer plates might 
be interleaved between metal spacing blocks, the latter 
being butted against the edges of the component boards 
and equal in thickness to the component boards, as sug- 
gested by Fig. 6. Such a collector plate is a laminar struc- 
ture which might be soldered together or pressed and held 
together with appropriate fasteners. 

Referring to Fig. 7, the following equation may be de- 
rived from a heat balance for the elemental volume of 


length dx: 
a0 re 
(S)+@ )=o (18) 
dx? LAS 
A general solution for (18) is 
ies a 
0, = — ( ( "Cie Co. (19) 
Rete 2 


where C; and C> are constants of integration. The appropri- 
ate boundary conditions are given by 


and 


The first of these conditions is derived from the assump- 
tion that the heat is free to leave the transfer plate only 
along the collector-plate edge. From a viewpoint of an en- 
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gineering design, this assumption is conservative. For 
these boundary conditions (19) becomes 


Cae 
= L? — x’). 
: (G-) 


From a viewpoint of conservative design, a solution is 
desired where 0, has the largest possible value, since this 
value defines the most critical component environment. 
Therefore, for x = 0, 


(20) 


(21) 


For transfer plates of any rectangular shape, the rec- 
tangular ratio r is defined as 


Wp 
oe leeds 

L 
Therefore, the area of one transfer plate is rL’, and if 
there are N components at an average power-generation 


rate of qe, each transferring their heat to that plate, it 
follows that 


(22) 


QarL? = Na. (23) 
Then (21) may be rewritten, understanding that the maxt- 
mum value of 9, is implied, as 


il 
a). Na 
: eal 


or, in an approximate form more appropriate for a case 
involving many components of different power-generation 


( p’p ) ( 


which is identical to (10) of the text. It should be recalled 
that this equation is derived using the assumption that the 
component heat dissipation is uniformly distributed over 
the component board area. The circuit designer should 
therefore avoid a concentration of greatest heat dissipating 
components toward the edge of the component board which 
is remote from the collector plate, or else derive an equa- 
tion which is appropriate for such cases as an alternative 
to (25). For concentrations which crowd the heat dissipat- 
ing components toward the collector-plate edge of the 
component board, (25) is conservative. 

The transfer-plate heat conduction has been treated 
thus far as though the heat generated by the components 
were uniformly introduced into the surface of the transfer 
plate. In an actual case, the heat is introduced into the 
transfer plate at localized areas near the components, and 


(24) 


(25) 


S a); 


w=1 


encounters a spreading resistance before it can take advan- 
tage of the total conductive section of the plate. Although 
an exact evaluation of this effect is tedious, it is reasonable 
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to satisfy certain questions about its importance by the use 
of a heuristic analytical model. Suppose the components to 
be circular in the shape of their projected area on the 
transfer plate, and suppose the components to be evenly 
spaced in a square array which is aligned with the edges 
of a transfer plate. Thus, the distance between components 
measured parallel to the plate edges is given approximately 


by 
a; 
Wt — 
N 
The spreading resistance due to radial heat conduction over 
180° is calculated, since all the heat must leave the region 
of the component and travel toward one edge of the trans- 


fer plate. For a component circular area of diameter de, 
this is given by 
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This is compared with the result neglecting the spread- 
ing resistance by dividing (26) by (24), giving 
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A brief study of (27) shows that (ps/®») is quite 
small if high component densities, such as are desired in 
microcircuit work, are used. For example, if four com- 
ponents measuring 0.100 inch in diameter are placed 
on a component board 1 inch by 1 inch, according to the 
model the value of (0ps/®») is only about 0.26, and this 
is not a high component density. 

In summary, it appears reasonable to neglect the spread- 
ing resistance provided the circuit component density is 
high or provided the result given by (27) is very small, as 
it is in good circuit structure designs. One might wish, 
however, to use (27) as a check to determine whether 
neglecting the spreading resistance is justified, and if not, 
to add the results of (24) and (26) to obtain a closer 
approximation to max for unusual cases. In all real cases, 
the spreading resistance effect must be smaller than that 
given by (26) because of the three-dimensional nature of 
thermal conduction in the component board and because 
of heat conduction along the component leads and other 
wiring. 

It will be noticed that the analysis has neglected the ther- 
mal spreading resistance which must exist between the root 
section of a transfer plate and the collector plate. If the 
collector plate is to be a laminar structure, precautions 


(26) 


(27) 


should be taken against introducing unnecessary resistance 
between the mating surfaces, as by using flat, smooth- 
finished parts, clamped tightly together. If this, or similar 
precautions are taken, and if the collector-plate thickness 
is several times that of the transfer plates, the spreading 
resistance referred to will be negligible. 
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Integration of Microcircuitry Into Microassemblies* 
. R. A. GERHOLD}, Memspber, 1rE 


Summary—The necessity to hybridize newer microcircuitry 
techniques with existing design capabilities to achieve efficient 
equipment designs is established. An analysis is presented of the 
net size and weight advantages calculated for several com- 
ponents of a typical weapons system, as first the micromodule 
and then, progressively, thin-film and solid-circuit techniques 
are integrated into the system design. The diminishing returns 
on the introduction of microcircuitry into many areas of the sys- 
tem emphasize the need for high efficiency in the integration of 
newer techniques. The potential capabilities of an advanced 
type micromodule, which still retains the standardized micro- 
element dimensions and assembly procedures, are explored. A 
further advanced modular interconnection of microcircuitry 
wafers into a projected microassembly is then described. 0.002 
x 0.010-inch copper ribbon conductors are welded to the metal- 
lized edge terminations of stacked substrate wafers by an elec- 
tron beam technique. Interconnection requirement is 1600 
terminations per square inch. Sample illustrated showed 2000 
terminations per square inch, or 80,000 terminations per cubic 
inch. Termination capability is increased three times, and effec- 
tive useful module volume is doubled compared to existing 
micromodule. Details of materials and processes for the micro- 
connections are described together with a summary of the 
statistical reliability evaluation. The latter confirms the high 
reliability objective for this connection. 


N order to realize the advantages of microcircuitry in 
practice—whether these advantages be size, weight, 
performance, or possibly esthetic—we must be able to 

incorporate these latest techniques efficiently into the 
equipment we build. The term microcircuitry, of course, 
refers primarily to size and weight advantages. Other 
attributes may also include ruggedness, reliability, low 
cost, increased performance, reduced power requirements, 
novel circuit functions, etc. These are not necessarily in- 
herent in microcircuitry or microelectronics as such, but 
may realistically be expected to accrue from developments 
which have been stimulated in advanced technologies by 
the prime microelectronics goal of size reduction. The sum 
total of these advantages makes it all the more urgent that 
we be prepared to integrate novel advances in a logical 
fashion as soon as their capabilities are recognized. The 
central theme of such an approach is that we retain the 
ability to hybridize new techniques into our existing de- 
sign capabilities. 


Various APPROACHES TO MICROCIRCUITRY 


While the first objective of microcircuitry is simply that 
of size-reduction, it has come to have restricted meanings 
for different specialists. Taking the broad viewpoint of 
the equipment or circuit designer, Table I classifies the 
general approaches to microcircuitry in terms of the es- 
sential forms of the circuit elements. Various general tech- 


* Received by the PGMIL, April 14, 1961. 
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TABLE [I 
TyPres or MIcrocircurrry APPROACHES 


1) “Conventional” elements with leads for use in printed wiring 
assemblies. 
2) Specially shaped elements to facilitate denser circuit assemblies: 
a) Uniform lengths or thickness ( “dot” components of the Hughes 
and Mallory systems). 
b) Uniform cross section (wafer microelements of the Signal 
Corps-RCA Micromodule Program). 
3) Complex or integrated circuits in which several circuit elements 
are formed 7m situ as part of a particular circuit: 
a) Thin-film circuit. 
b) Solid circuit. 


nologies may be applicable to more than one form. Thus, 
thin resistance films are used in conventional resistors, dot 
resistors, microelement resistors, and thin-film circuits. 
However, critical details of the resistor technology for 
each of these classes may be quite different. Thus, the 
classifications shown imply not only physical forms but 
particular process technologies as well. 

In the 1950’s the use of Type-A “conventional” com- 
ponents in printed wiring subassemblies, as in the missile 
telemetry deck of Fig. 1, quickly suggested the further size 
reduction achievable by use of parts conforming to a more 
rigorous dimensional discipline. The current popularity of 
“cordwood” type modules, as in the Republic Aviation 
drone control unit shown in Fig. 2, is a natural result of 
attempts to approach microminiaturization by taking ad- 
vantage of the semiuniformity that exists among the 
lengths of many subminiature parts in transistor circuitry. 

The next step is rigorous control of a single dimension 
to achieve still more efficient packaging. This Type B-1, of 
Table I, is presently exemplified by the Mallory and 
Hughes “dot”? component types of packaging. Details of 
the former are shown in Fig. 3. While the “dot” thick- 
ness must be uniform, some variations are allowed in 
diameter to accommodate element design requirements. 

Conversely, the Signal Corps-RCA micromodule 
shown by Fig. 4 invokes standardization of microelement 
wafer area dimensions while permitting variations in 
thickness as required. This is Type B-2 of Table I. Hy- 
bridization of available technologies into the micromodule 
have already taken the form of providing on a single mi- 
croelement wafer four film resistors, or four picodiodes, 
or an RC network, or three ferroelectric ceramic reso- 
nators. 

Types C-1 and C-2 integrated circuitry are illustrated 
by the IBM multilayer thin film and Texas Instrument 
solid circuits of Figs. 5 and 6, respectively. It is particularly 
in these areas of more advanced technology that need for 
integration with elements formed by other means is most 
acute. At this point in time, thin-film semiconductor de- 


228 IRE TRANSACTIONS ON MILITARY ELECTRONICS July 


Fig. 1—Telemetering deck for Jupiter missile. 


Fig. 4—Micromodule and microelements (RCA). 


Fig. 2—Cordwood packaging for drone aircraft 
(Republic Aviation). 


Fig. 5—Thin-film OR circuit (IBM). 
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Fig. 6—Semiconductor solid circuit (TI). 


Fig. 3—‘Dot” type unitized component assembly—demonstration 
sample (Mallory). 
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vices (as differentiated from epitaxial devices) are still 
being sought in the research laboratories. Also, exten- 
sive solid-circuit capabilities aré still awaiting develop- 
ment. 


Impact oF MicrocircuITY ON EQuIPMENT DESIGN 


To evaluate the significance of the microcircuitry tech- 
niques as they mature, they are most appropriately con- 
sidered in terms of their impact on equipment design. 
Tables II and III show calculations of size and weight, 
respectively, for the several components of a more or less 
typical airborne weapons system. The four comparative 
sets of figures are for: 1) an existing “conventional” 
printed wiring assembly design; 2). a proposed micro- 
module design; 3) a projected design based on integra- 
tion into the micromodule design of latest developments in 
thin-film and solid-state circuits; and 4) a projected esti- 
mate based on hybridization into the micromodule design 
of anticipated future thin-film and solid-state capabilities. 

The estimated time period when such system designs 
would be feasible is given in the headings of the two 
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Tables. As a current point of reference for microminiatur- 
ization, the micromodule is considered to be essentially 
ready for commitment to equipment design and production 
at this time. Reliability demonstration has been accom- 
plished with the establishment of mean-time-before-failure 
of 10-part digital modules at well over 200,000 hours; the 
goal was 75,000 hours. Efforts are also under way to as- 
sure the availability of adequate numbers of reliable micro- 
elements and modules for production quantities of equip- 
ments in the indicated 1961-1963 period. It appears 
extremely unlikely that the advanced thin-film and solid- 
circuit technologies would find anywhere near such wide- 
spread usage prior to possibly 1970-1975. Nevertheless, it 
also appears highly likely that certain functional require- 
ments, memory for instance, may be expected to exploit 
every significant new advance in cores and films as fast 
as they become available. Such usage, plus hybridization 
of new technologies into the micromodule, provides the 
basis for the two advanced system designs projected in 
the Tables for the periods starting 1963 and 1967, respec- 
tively. 


TUANB IETS, TI 


S1zE COMPARISONS FOR A WEAPONS SysTEM* 


1959-1960 1960-1963 1963-1967 1967 
Micromodule Micromodule, 
It Conventional Micromodule and Solid State, and 
eu Solid State Molectronics 
Size Size Size Size Size Size Size SWE 
(Cubic Feet) | Reference | (Cubic Feet) | Reduction (Cubic Feet) | Reduction | (Cubic Feet) | Reduction 
Computer $e 1 0.2 18/1 0.05 70/1 0.01 350/1 
Power Supply 0.25 1 0.12 2/1 0.08 3/1 0.056 4.5/1 
Communications ASD 1 il SY 1.8/1 1.02 DF Syl 0.73 3.6/1 
Guidance System 4.65 1 0.93 5/1 0.74 6.3/1 0.67 7/1 
Complete System 02 1 2.62 4/1 1.89 6/1 1.47 1 Syl 
* Based on data furnished by RCA, Missile Electronics and Controls Division, Burlington, Mass. 
TABLE III 
WEIGHT COMPARISONS FOR A WEAPONS SysTEM* 
1959-1960 1961-1963 1963-1967 1967 

Micromodule Micromodule, 

Item Conventional Micromodules and Solid State, and 

Solid State Molectronics 
Weight Weight Weight Weight Weight Weight Weight Weight 

(Pounds) Reference (Pounds) Reduction (Pounds) Reduction (Pounds) Reduction 

Computer 125.0 1 12.0 10/1 Sol) 40/1 0.6 210/1 
Power Supply 19.0 1 ORS 2/1 6.5 3/1 D0) 3.8/1 
Communications ADB 1 108.0 Dy 65.0 3/1 40.0 5/1 
Guidance System 181.5 1 47.5 S.AyAl 26.7 6.8/1 Mihai 8.5/1 
Complete System 438 1 (ea Deol 101 4.3/1 66.7 6.5/1 


* Based on data furnished by RCA, Missile Electronics and Controls Division, Burlington, Mass. 
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Analysis of the projected size and weight reductions 
given in these Tables very emphatically emphasizes the 
significant gains still to be made in the digital area by ad- 
vanced types of microcircuitry. The future gains for the 
other system components, however, are not nearly as spec- 
tacular. On the over-all weapons system basis, the micro- 
miniaturization gains to be achieved by microcircuitry 
probably also will have to be supported by advantages in 
such factors as cost and reliability ; otherwise, the net con- 
tribution of microcircuitry may remain quite marginal. 
Thus, the need is clearly indicated for modular circuit sys- 
tems which can provide highly efficient integration and in- 
terconnection of a wide range of available and projected 
microelectronic techniques. 


ADVANCED- TYPE M1crRoOMODULES 


Mention was made previously of the degree to which 
current established microelectronic techniques have been 
included in micromodule designs. Fig. 7 shows a 4.3-Mc 
IF amplifier subassembly which utilizes individually 
shielded micromodules. Another version includes thick- 
ness-mode ferroelectric ceramic resonators. Recently a 
Signal Corps R&D program has been initiated to explore 
the microminiaturization potential of advanced type mi- 
cromodules which would still keep the standardized dimen- 
sions and assembly procedures of the current micromodule. 
An attempt will be made to exploit a variety of the newer 
technologies with the objective of increasing the parts 
density of the current micromodule by a factor of 5. Con- 
sideration will be given to use of transistors without individ- 
ual hermetic seals on the assumption that current efforts 
toward surface passivation and other techniques may be 
expected to yield units of military quality. Similarly, opti- 
mum use will be made of multilayer resistive and capaci- 
tive films, of solid circuits, and of multiple-circuit func- 
tions within a single micromodule structure. The ability to 
fabricate a complete circuit function on a microelement 
wafer would seem to be a desirable objective. Fig. 8 shows 
the design for an RCA unipolar transistor full adder on 
a single microelement wafer. 

Somewhere in this process, however, it would seem that 
integration of too many circuit functions within a single 
micromodule would overtax the interconnection capacity 
of the twelve riser wires. A limit would be anticipated 
even if double-ended terminations were to be employed. 
More riser wires would be needed at some point. One way 
of doing this rather simply would be to make the micro- 
elements or microcircuit wafers larger and to provide 
notches for, say, 8 riser wires per side instead of the pres- 
ent 3. Also, such a 0.75-inch-square micromodule would 
increase the effective volume of the module available for 
circuit elements to 69 per cent compared with 41 per cent 
in the present micromodule. But the parts densities achiev- 
able with the newer microelectronic technologies are of a 
very high order. Thus, it would be desirable to boost both 
the termination density and the efficiency of utilization of 
module volume still higher, if practicable. 
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Fig. 7—Micromodule shielded subassembly (RCA). 


Fig. 8—Solid-circuit full-adder wafer (RCA). 


Some discussions of solid-circuit techniques have im- 
plied ultimate construction of an equipment in a solid 
block. For the foreseeable future, however, it is considered 
that the more general case will involve several intermedi- 
ate steps of assembly. Thus, Signal Corps programs en- 
visage one or more circuit functions being fabricated on a 
single wafer and then a series of these wafers being inter- 
connected to form assemblies. Fig. 9 illustrates a typical 
approach to the problem at this time. In a “half-adder” 
subassembly fabricated by International Resistance Com- 
pany, five thin-film NOR “mu-circuits” are individually 
encapsulated and then interconnected by multilayer printed 
wiring. The subassembly is terminated in an ultraminiature 
printed circuit connector. Each of the NOR circuits con- 
sists of a transistor and five resistors. 


FUNCTIONAL CircuIt WAFERS INTERCONNECTED 
to Form MiIcroASSEMBLY 


To provide capibility for still more efficient interconnec- 
tion of circuit functions, with hybridization of microcir- 
cuitry techniques, a Signal Corps program was established 
for the modular interconnection of microcircuitry wafers 
of various types into a densely packaged microassembly. 
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(a) Front. 


(b) Back. 
Fig. 9—Thin-film half-adder subassembly (IRC). 


The functional circuit wafers are to be stacked one over 
the other, much as in the current micromodule. The key 
initial effort in this program was the development of a 
suitable type of small but strong and highly reliable con- 
nection between the circuit wafers and the high density in- 
terconnecting media. 

It was decided that these connections should be accom- 
plished by welding 0.010-inch-wide flat ribbon conductors 
to the metalized edges of ceramic or glass substrates. The 
wafers were to be stacked as close as 0.025 inch on cen- 
ters. The ribbon conductors were to be spaced forty to the 
inch (on 0.025 inch centers) around the four sides of the 
stacked microassembly. This capability to effect intercon- 
nection of microcircuitry wafers into a microassembly on 
the intersections of a 0.025-inch grid would provide a po- 
tential termination density of 1600 terminations per square 
inch. This is over three times that of the micromodule. 

To effect interconnection in a minimum of volume, the 
total peripheral depth of the termination area on the wafer, 
plus the welded ribbon conductor and covering insulation, 
was to be less than 0.025 inch. This would result in an 
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efficiency of utilization of the microassembly volume of 
87 per cent, or over twice that of the micromodule. 


ELECTRON-BEAM WELDED MICROCONNECTIONS 


After consideration of several approaches, Signal Corps 
Contract No. DA36-039-sc-85347 for the development of 
the welded connection by use of the electron beam tech- 
nique was let to the Hamilton Standard Division of the 
United Aircraft Corporation on June 30, 1960. The initial 
Samples of joints are shown in Fig. 10 near a standard 
0.310-inch microelement wafer for size comparison. The 
many copper ribbon conductors are welded to the contin- 
uously metalized edges of each of the three 0.010-inch- 
thick substrate wafers. The wafers are shown in the 
photograph stacked on edge on 0.025-inch centers, The 
wafers were separated by resin which is recessed 0.005 
inch back from the edges. 

Fig. 11 shows a closer view of the connections in the 
area near one of the 0.025-inch-wide notches of the micro- 
element wafer. It can be noted in this sample that the 
ribbons were actually spaced about 0.020 inch apart rather 
than the specified 0.025 inch. This yielded a termination 
density for this sample of 2000 connections per square 
inch. On a volume basis, 80,000 of these interconnections 
would occupy only one cubic inch. This is but one-tenth 
the volume required for the same number of soldered mi- 
cromodule connections. Tolerances in establishing sepa- 
rate metalized termination areas on the microcircuitry 
wafers, however, suggest that the 0.025-inch spacing 
(1600 per square inch) is probably more compatible with 
ease and reliability of fabrication. 

The essential concern with high reliability in the devel- 
opment of this joint has motivated many of the decisions 
with regard to materials, processes and dimensions. Effort 
under the contract to date has been restricted to substrates 
of high-density alumina and pyrex glass, Corning #7740. 
These were considered to be adequately representative of 
the range of substrate material characteristics likely to be 
encountered in microassemblies. Substrate metalizing ma- 
terials and processes were investigated for an initial joint 
strength requirement of 500 grams. This is the test value 
for micromodule joints. A photomicrograph of a cross 
section of a completed connection is shown in Fig. 12. 


MICROCONNECTION MATERIALS AND PROCESSES 


For the alumina wafers, a strong bond between the met- 
allizing and the substrate was easily obtained by use of 
molymanganese coating (DuPont #7619), dried at 160°C 
for 15 minutes and then fired at 1450°C for one hour in a 
hydrogen atmosphere. The coating was applied so as to be 
0.0005—0.0008-inch thick after firing. Viscosity of the 
coating application had to be thick enough to ensure ade- 
quate coverage of the peripheral edges of the wafers over 
onto the flat sides of the wafer where microcircuitry would 
subsequently be deposited. On the other hand, too thick a 
build-up on the peripheral edges would result in a convex 
coating, making it difficult to assure full area of contact 
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Fig. 10 


Electron-beam welded microconnections 
(Hamilton Standard). 


Fig. 11—Close-up of microconnections near notch of microelement 
wafer (Hamilton Standard). 


Fig. 12—Cross section of welded microconnection (Hamilton Stand- 
ard). A = 0.002 x 0.010-inch copper ribbon with end bent down, 
B = 0.002-inch nickel plate. C= Molymanganese. D = 0.030- 
inch-thick alumina substrate (cross section through wafer along 
axis of conductor ribbon). E = 0.008-inch-diameter weld. 
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with the flat ribbon conductors. This coating, while highly 
adherent, still possessed too little bulk thickness to supply 
an adequate mass of metal to alloy into the weld. This re- 
quirement was met by overplating the molymanganese with 
0.002 inch of nickel. This plating was then annealed in 
dry hydrogen at 1000°F for one hour to relieve the resid- 
ual plating stresses. 

The requirements for the ribbon conductors were that 
they be 0.001 X 0.010 inch or equivalent and of reason- 
ably low resistance. A limit to the thickness of the ribbons 
was imposed by a requirement that the combined thickness 
of the metallizing, weld, and ribbon should not extend 
more than 0.005 inch beyond the peripheral edge of the 
substrate. Nickel and kovar ribbons were investigated 
along with copper in anticipation of their being somewhat 
easier to weld. However, they were later dropped in favor 
of the higher conductivity of copper. The final selection 
was 0.002 X 0.010-inch hard drawn copper ribbon, as be- 
ing most practicable for fabrication. 

The electron beam facility at Hamilton Standard in- 
cludes Zeiss machines which are employed also for heavy 
welding and for micromachining. For the purpose of this 
project a beam current of 7.5 ma is accelerated by a volt- 
age of 72 kv in a vacuum of 0.1 micron. This beam is 
applied for 120 msec to each weld. However, the precise 
manner of application of this energy to the weld may not 
be quite what one would expect. To assure even distribu- 
tion of heat over a given weld area, the beam is focused 
to a spot approximately 0.002 inch in diameter. The beam 
is then programmed to sweep a rectangular area 0.015-inch 
wide by 0.010-inch high over each weld. The beam tra- 
verses a 2100-cps sinusoidal pattern over the weld area 
with retraces controlled by a 180-cps sawtooth pulse. 

Since the entire ribbon is melted it must be kept free of 
tension during the welding process. Fixturing to accom- 
plish this with a series of ribbons in parallel is the sub- 
ject of a currently planned extension of this work. 

Also planned is an investigation of the use of the elec- 
tron beam in a machining process to help form the sharply 
isolated and accurately positioned individual metalized ter- 
minal areas that will be required at the edges of the wa- 
fers. Positioning tolerances of 0.002 inch for these con- 
nections are considered realistic for the intended applica- 
tion. 

MiIcrocoNNECTION RELIABILITY 


In keeping with the objective of developing a joint of 
high reliability, attention was given to all feasible means of 
evaluation to verify actual attainment of this goal. Three 
parameters were selected as being of primary significance. 
They are joint resistance, joint area, and joint strength. 
Tests for these parameters were made on sample sizes 
adequate to establish statistically, with 90 per cent confi- 
dence, that the mean values of these parameters fell at 
least three standard deviations (sigmas) on the safe side 
of their respective limits. Thus, the degree of uniformity 
of the selected parameters was considered to be a principal 
assurance that the entire process was under proper control. 
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Specifically, the joint resistance was required to be less 
than 10 milliohms. Initial tests indicate a mean value of 
0.5 milliohms. The chance of the resistance of any joint 
exceeding even a value of 2 milliohms would appear to be 
less than 1 in 100,000. 

Weld area was measured at the cross section of the weld 
just above the original surface of the nickel overplate on 
the substrate. The area was required to be 0.008 inch in 
diameter with less than one chance in 100,000 that the di- 
ameter would be less than 0.005 inch. Initial tests indicate 
that this will be met easily. 

With regard to joint strength, difficulties in test arose 
because the wire ribbon proved to be the weakest link. The 
copper was partially annealed by the welding process so 
that it failed in tension at a mean value of 330 grams. All 
indications are that the weld strength and adherence to the 
substrate are well in excess of the specified 500-gram value 
for the alumina substrate. It was decided that, since the 
annealing and consequent weakening of the copper ribbon 
had been induced by the welding operation, some strength 
limit should be set, and tests performed, to provide appro- 
priate statistical assurance that joints would not be unre- 
lable from this cause. Tests showed that the mean value 
and distribution of tensile strengths of the ribbons at the 
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welds were, in general, slightly higher than values obtained 
for separate pieces of the same ribbon conductor inde- 
pendently annealed to the soft conditions. Thus, it ap- 
peared that no degradation in ribbon strength had been in- 
troduced at the weld beyond the simple annealing process. 
Further testing, however, has revealed a few readings of 
slightly less strength. This situation has been traced to an 
occasional slight necking down of the cross-sectional area 
of the ribbon at the weld. If statistical analysis currently 
under way indicates the necessity, additional effort will be 
directed toward control of even this occasional variation. 

To complete the evaluation for military environments, 
the joints are currently being subjected to the full gamut 
of shock (including 15,000-g acceleration), vibration, tem- 
perature cycling and 20 cycles of thermal chock (—55°C 
to +200°C). The temperatures of fabrication are such 
that no degradation of reliability is anticipated. 

The program to date has involved the fabrication and 
evaluation of several thousand of these electron-beam 
welded microconnections with no failure once the required 
weld conditions had been established. It is believed that 
this microconnection will provide a valuable tool for the 
integration of today’s—and tomorrow’s—microcircuitry 
into next week’s reliable microassemblies. 


A Family of Semiconductor Devices for 
Microelectronic Applications* 
E. E. MAIDEN}, MEMBER, IRE, AND W. F. SCHNEPPLE}, MEMBER, IRE 


Summary—A variety of approaches to microminiaturization 
is now being widely explored by electronic systems designers. 
Among the approaches taken, continued reliance is being placed 
upon discrete active components that can be used in module, 
welded, thin-film, or hybrid types of microcircuits. By the use 
of discrete elements, maximum circuit flexibility is retained, 
tight component tolerances are possible, and production shrink- 
age of complete circuit functions is minimized, as compared with 
the solid-state circuit approach. Moreover, “throw-away” 
maintenance costs are low. 

A series of microminiature silicon diodes and transistors has 
been developed and produced for use in applications where 
stringent size and weight limitations, and high reliability re- 
quirements, exist. Through the use of extremely simple me- 
chanical constructions, surface passivation techniques and im- 
pervious glass-like coatings, low cost can be achieved in mass 
production without sacrificing reliability. By use of appropriate 
fabrication processes, alloyed or diffused diodes and transistors 
can be formed in mesa or planar configurations, and an exten- 
sion to epitaxial structures can be employed. Electrical char- 
acteristics are comparable to, or better than those of existing 
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conventional types of diodes and transistors. At 25°C, failure 
rates below 0.01 per cent per thousand hours have been sub- 
stantiated. 

This paper begins with an outline of the theory underlying 
surface protection techniques used, describes the construction 
and characteristics of several devices in the family, and presents 
test information proving a high degree of reliability. 


INTRODUCTION 


S REQUIREMENTS for electronic systems have 
increased, the problems of building and maintain- 
ing more complex equipment have been brought 

into sharp focus. Both military and nonmilitary applica- 
tions require increased volumetric efficiency and better re- 
liability. To improve matters, a number of different ap- 
proaches are now under active exploration. These ap- 
proaches range from high-density packaging of conven- 
tional components to “molecular electronics,’ defined as 
the “study of electronic systems with limitations upon 
parts which are only those inherent in the basic physical 
processes” [1]. Between these stands lie various proposed 
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approaches, of which some are similar in concept but suf- 
ficiently different in execution to make them incompatible 
in any given system. Clearly, it is impossible to state which 
of the many philosophies should be considered “best” 
without recourse to additional information, such as degree 
of miniaturization required, cost, reliability, performance, 
and availability of hardware. Most probably, a number of 
the various approaches will continue to coexist with any 
one being adopted only when its particular advantages pre- 
dominate. 

At present, the high-density packaging of conventional 
components is undoubtedly the farthest advanced concept 
of microelectronics, in the sense that methods and tech- 
niques are available, and in use, for production of systems. 
The advantages of this method are impressive: 

1) Great circuit flexibility. 

2) Readily available components having high perform- 
ance, tight tolerances, well-defined reliability charac- 
teristics, standard configurations, and low cost. 

3) High yields in the fabrication of circuit functions. 


The main disadvantage of this method is also impressive: 

4) Although greatly increased packing densities have 

been achieved, they are still not sufficient for many 
applications. 

As the next likely step, systems composed of microcom- 
ponents permit increasing packing densities roughly an 
order of magnitude over systems composed of normal- 
sized components. The microcomponents utilized in this 
approach are basically similar to conventional devices, with 
one important difference: they represent a lower size limit 
for discrete components, beyond which any reduction 
would be impractical. A system composed of these micro- 
components would thus retain the advantages of present 
systems, while still accomplishing a major size reduction, 
the basic limitation to further size reduction being heat 
dissipation. As with conventional systems, a great deal of 
flexible and “custom” circuitry is possible since microcom- 
ponents can also be built to have high performance, tight 
tolerances, well-defined reliability characteristics, standard 
configurations, and low cost. Because use can be restricted 
to “good” components only, fabrication of circuit func- 
tions to a high yield can be expected. Until recently, how- 
ever, it has not been possible for the designer of a system 
to obtain the complete line of microcomponents necessary. 
It is encouraging to note, however, that considerable prog- 
ress has been made in establishing recommended configu- 
rations and that a number of component manufacturers 
are now active in the field [2]. Microcomponents would 
be assembled either on or in a substrate, or could be joined 
using welding techniques and encapsulation. 

Another approach, using thin films, appears promising 
[3]—[5]. Resistive, capacitive, and conductive films are de- 
posited on a suitable substrate in a desired pattern to form 
complete circuit functions. Diode and transistor elements, 
however, are usually of a microcomponent form due to the 
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difficulties associated with deposition of thin films of 
single-crystal semiconductor material. Using the thin-film 
approach, packing densities can be increased still further 
over conventional high-density packaging. Some of the 
difficulties evidenced to date, however, would result in 
production shrinkage during fabrication due to poor con- 
trol over the films and their characteristics. Also, intercon- 
nection problems and heat limitations will tend to decrease 
the apparent gain in volume utilization and reliability. 

Still another approach makes use of monolithic blocks 
of semiconductor material containing resistive, capacitive, 
conductive, and active elemental volumes. Such blocks have 
been termed solid-state circuits or integrated devices [6], 
[7]. In addition to internal interactions between volume 
elements, external wires or evaporated conductors are used 
to connect various areas on the faces of the block. The 
rather obvious advantages of this concept lie in the poten- 
tial of increased reliability stemming from reduction of 
interconnections, and in the potentially high packing den- 
sities possible. Problems facing this type of approach are 
severe. To achieve high packing densities, the power be- 
ing dissipated must be reduced, which has been shown to 
result in decreased speed in computer circuits [8]—[10]. 
In addition, decreased power requires tighter tolerances on 
the “components” within the block if the circuit is to oper- 
ate satisfactorily [10]. Since the yield for the solid-state 
circuit is approximately the product of the yields of the 
various “components” it contains, the effect of tightening 
tolerances can be severe. Although some relief from this 
yield problem can be achieved through circuit redesign, 
it remains a dominant one. Due to the naturé of the proc- 
ess, a great deal of flexibility on the circuit design level is 
lost, though probably not so much on the system level. 

As the above paragraphs have indicated, electronic sys- 
tems are now at the point where packaging techniques us- 
ing conventional components are stretched to the limit. On 
the other hand, microminiaturization by means of inte- 
grated devices faces severe obstacles in problems of yields, 
heat dissipation, costs, flexibility, and performance, the 
solutions of which may be considerably in the future. As a 
result, most system designers, as well as component manu- 
facturers, are investigating more than one approach to the 
problem. 

It is the purpose of this paper to describe the construc- 
tion, use, and reliability of a series of microsized semicon- 
ductor devices, developed to permit more than a tenfold 
size reduction over existing circuitry. As such, these de- 
vices are compatible with other microcomponents and are 
also suitable for thin-film circuit applications. 


GENERAL DESCRIPTION 


It is evident to most that very little of the volume oc- 
cupied by a conventional diode or transistor is efficiently 
used. Fig. 1 illustrates a typical conventional diode struc- 
ture. Several other features are also apparent: 
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1) There is a significant number of parts involved in a 
simple diode package. 

2) Even inside the package very little of the volume 
and surface area is due to the crystal. 


Perhaps not so obvious from Fig. 1 are the facts that most 
of the parts are of different materials, that the cat whisker 
contact has been a potential source of diode instability, that 
chemical processes used during fabrication may be suitable 
for the crystal but not for one of the other parts (or vice 
versa), and that no clean-up can be done inside after the 
final sealing operation (even though the sealing operation 
serves as a possible source of contamination). A disad- 
vantage of the large inner volume and surface area (rela- 
tive to the crystal) is that they permit e1itrapment of large 
amounts of contaminant. In such a situation, even if the 
crystal were initially clean, it would soon reach equilibrium 
with its surroundings, and become contaminated and hence 
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Fig. 1—Cross-sectional view showing conventional 
diode construction. 


unreliable. Moreover, even though the package is finally 
sealed, there is no absolute guarantee of hermeticity. 

Because of the above drawbacks, a series of micromin- 
iaturized diodes was developed. Silicon was chosen be- 
cause of its suitability for most military and industrial sys- 
tems, and also because it has been studied extensively in 
regard to passivation of its surfaces. 

This technique, passivation, refers to the stabilization 
and rendering inert of the silicon surface. In such a con- 
dition, the P-N junction, where it appears on any surface, 
is protected from the environment by chemically bonded 
films. These films may be generated in several ways. Thin, 
native oxide films are normally present on silicon and by 
suitable processes, e.g., exposure to high-temperature oxy- 
gen or steam, thicker (10?-10* A) layers may be formed. 
Through subsequent treatments the surface is made hydro- 
phobic, and finally a thick (>25y.) modified polysiloxane 
film is chemically bonded to it and provides increased 
mechanical strength. The result is a continuum of chemi- 
cally bonded films protecting the silicon surface and a 
complete absence of any surplus inner package volume 
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that might serve as a source of contamination. As a con- 
sequence, stability of the crystal surface is achieved. 

While the above remarks have been directed toward 
diodes, analogous considerations hold for transistor struc- 
tures. 


MECHANICAL CONSTRUCTION 


Through the use of the passivation technique, which 
leaves an impervious hydrophobic film on the silicon crys- 
tal, and the subsequent encapsulation with a glass-like pro- 
tective material, full protection against the atmosphere is 
assured, and mechanical construction is greatly simplified. 
Fig. 2 illustrates some typical microdiodes in cross section. 
In all three types, flat ribbon leads were selected for their 
low profile and desirable welding properties. Where the 
ribbon lead is attached to the diode crystal, the bonding is 
done by means of a fluxless gold-silicon eutectic alloy. A 
possible planar configuration illustrates the use of a ther- 
mocompression bonded wire for making attachments to 
small areas. The ribbon material normally used is Kovar 
with an electroplated layer of gold about 10y thick. This 
material was selected for its thermal coefficient of expan- 
sion (which approximately matches that of silicon), its 
ease of handling, processing and welding, and its low cost. 
Some units, however, have been fabricated with molyb- 
denum leads for increased power dissipation capabilities. 

A finished microdiode is shown in Fig. 3. The resulting 
device, though quite tiny, is by no means delicate. Because 


of its small mass, it is completely unaffected by accelera- 


tion forces sufficient to destroy regular units. Lead 
strength, important in welding and soldering operations, is 
high (2.5 pounds in tension) and difficulties associated 
with cat whisker connections have been eliminated. 

Mechanical considerations for microtransistors employ- 
ing the film packaging concept are similar to those for 
microdiodes. Transistor crystals are bonded to a gold- 
plated ribbon lead, using the eutectic alloy of gold and 
silicon. Afterward, thermocompression bonding techniques 
are used to make contact with fine wires to small areas on 
the crystal. For applications requiring minimum size, the 
unit is then processed and packaged with the fine-wire base 
and emitter connections brought outside, as shown in Fig. 
3. Where greater handling ease is desirable, larger pack- 
ages with all external leads being of ribbon are employed. 
The leads and lead arrangements on the larger microtran- 
sistors shown are in agreement with EIA recommenda- 
tions and permit placing the units on or in a substrate [2]. 

Fig. 4 shows several examples of microdiodes and mi- 
crotransistors in microcircuit applications. A subminiature 
glass diode on the right has been included to indicate rela- 
tive sizes. The larger square glass plate uses thin-film 
techniques, together with four microtransistors and two 
microdiodes, to form a multivibrator circuit. The smaller 
square plate is a NOR circuit, and the remaining assem- 
blies are diode gate circuits. 
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Fig. 4—Photograph showing microcircuit applications 
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Fig. 3—Photograph showing microminiaturized and conventional 
semiconductor components. (Left to right: microdiode, three 
microtransistors, conventional diode and conventional transistor). 
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Device FABRICATION AND CHARACTERISTICS 


Table I illustrates some of the device types fabricated to 
date. Because of the number, no attempt will be made to 
describe completely all the types listed. Instead, only the 
conventional microdiode will be discussed in detail. 


ADIL 
Device Construction Style Types 
{Zener 
: : Conventional General purpose 
Microdiode Mesa High voltage 
Planar } Ultra-fast switching 
Varactor 
’ Mesa i General purpose 
Microtransistor ; { 
Planar) Fast switching 


For this device, phosphorus-doped silicon slices of 
proper resistivity are diffused using “open tube” tech- 
niques [11]. The diffusant element is boron, and times and 
temperatures are adjusted to give a junction depth of 
about 0.003 inch. 

Contingent upon the characteristics desired, slices of 
various lifetimes are selected for further processing. 
Through control over the carrier lifetimes, diodes to vari- 
ous reverse recovery time specifications can be fabricated. 
In this manner, it is possible to obtain units having re- 
covery times ranging from several psec down to 1 nsec, 
dependent upon application requirements. 

Finished diode crystals made from such slices normally 
are cylindrical in shape, about 0.018 inch in diameter by 
0.006-inch thick, and with the diffused junction midway 
between top and bottom surfaces. The gold-plated ribbon 
leads are attached to the crystal on a heater (>370°C) 
in a nitrogen (85 per cent) hydrogen (15 per cent) at- 
mosphere. Donor doping is normally achieved in the gold 
plate on the ribbon leads used to make contact on the N 
side of the crystal. 

After cleaning, the diodes are passivated and coated 
with the outer protective material, followed by a 200°C 
200-hour “burn-in” period. Completed units are then given 
a series of environmental tests and classified electrically. 

To illustrate the breadth of electrical characteristics pos- 
sible, conventional diffused microdiode types have been 
fabricated having one or more of the following charac- 
teristics: 


Breakdown voltages in excess of 1000 volts. 

Reverse currents in the low mya range (as low as | in 
many cases). 

Forward currents, at 1 volt, in excess of 1 ampere under 
pulse conditions. 

Reverse recovery times to below 10 nsec. 
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By making use of mesa and planar techniques, the above 
ranges may be broadened still more. For example, mesa 
microdiodes have been fabricated having zero-bias capaci- 
tances as low as 1 pf, and accompanying reverse recovery 
times as low as 1 nsec, Also, aluminum alloyed junction 
units have been made for use as high-Q voltage variable 
capacitors [13]. 

As a consequence of the variety of characteristics avail- 
able in microdiodes, it is felt that a considerable number 
of applications in microcomponent and thin-film circuits 
will be found. 

Similarly, construction of many different types of sili- 
con microtransistors is possible using surface passivating 
and film packaging techniques, although most devices made 
to date have been switching units. Two different crystal 
structures have been employed. One is a triple-diffused 
mesa geometry with two base stripes located on either side 
of an emitter stripe. The other, also a mesa structure, con- 
tains a dot emitter surrounded by a ring base. Individual 
transistor crystals are mounted on gold-plated ribbon lead 
material using techniques similar to those employed on the 
microdiode structure. In this case, however, only one rib- 
bon lead is bonded onto the crystal to provide a collector 
contact. Base and emitter leads, due to the small contact 
areas, are small-diameter gold wire (0.0005 inch to 0.003 
inch) and are attached using standard thermocompression 
bonding methods. After cleaning, passivation, and coating 
processing, units are suitable for use, with the exception 
of those intended for the larger package. These units are 
carried one step further in order to provide a finished de- 
vice that will have ribbon leads for the collector, base and 
emitter. With epitaxial silicon slices as starting material, 
this technique can be included in most mesa and planar 
processes. It is, therefore, reasonable to predict the in- 
creasing availability of all types of microtransistors for 
microsystems applications. 


RELIABILITY 


An extensive amount of data has been taken on con- 
ventional microdiodes, with less being available on other 
types and on microtransistors, although extensive and en- 
couraging data on the latter is being obtained. Results 
to be considered are in the three broad categories of 
environmental, storage life, and operating life testing. 
Wherever possible, the test procedures called out in MIL- 
STD-202A were followed. 

In order to define a failure, two different criteria were 
used. The first, or “change,” criterion is intended to in- 
dicate a shift in electrical characteristics just beyond that 
which might be expected due to test equipment inaccura- 
cies, operator error, etc. As such, it is the most sensitive 
indicator. The second, or “catastrophic” criterion, indi- 
cates a shift in electrical characteristics sufficient to cause 
failure of a “normal” circuit. While not as sensitive as the 
change criterion, the catastrophic criterion probably gives 
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a truer picture of expected reliability. Table Il further 
defines a failure in terms of diode electrical characteristics. 
The results are from tests performed on conventional mi- 
crodiode types. 

The environmental test summary is shown in Table III. 


TABLE II 
Bsiere Variation (in Per Cent) from Original Value* 
Criterion Te ie E, 
1) Change >20 per cent | >30 per cent | >10 per cent 
lower higher lower 
2) Catastrophic | >20 per cent >100 wa >10 per cent 


lower lower 


* Tp is the forward current at a forward voltage of 1 volt; Iy is 
the reverse current, usually, at both 10-volt and 50-volt reverse vol- 
tage; and &, is the reverse voltage at a reverse current of 100 ya. 


TABLE III 
Degradation (Per Cent Failures) 
MIL-STD 202A Change Catastrophic 
Test Method Units Criterion Failure 
Tested (Per Cent) Criterion 
(Per Cent) 
Salt spray, 101A 
(96 Hours) 200 0 0 
Humidity, 103A 
(95 per cent RH, 40°C) 200 2 0 
Barometric pressure, 105A 
(75 microns) 200 0 0 
Moisture resistance, 106A 
(10 days) 2000 4) 0 
Thermal shock, 107 
(—65°C to 200°C) 200 2 0 
Vibration, 201A, 204 
(10-55 cps, 55-2000 cps) 200 0 0 
Centrifuge 
(20,000 G) 100 0 0 
Mechanical shock 
202A (1000 G) 100 0 0 
Fungus resistance 
MIL-E-5272 C 50 0 0 


On all tests, performance was good. None of the mechani- 
cal tests appears to affect the units, and more severe test- 
ing is necessary to determine limits. Changes shown in 
units on humidity and moisture resistance tests may be 
attributed either to incomplete passivation, or to “bridg- 
ing” of the leads by moisture, salts, etc., that remain on 
the outer surface of the microdiode body and thus influ- 
ence electrical characteristics. A large majority of diodes 
in all lots shows no change whatever in humidity testing. 

Storage life data is shown in Table IV. Figures shown 
indicate the rates experienced during the constant failure 
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rate portion of the failure rate vs time curve. In most 
cases, failures occurred as the result of J, degradation. A 
relatively slight variation of degradation rate vs tempera- 
ture, based on the change criterion, may be compared with 
the much larger variation based on the catastrophic cri- 
terion. This discrepancy is felt to be due to the oversensi- 
tivity of some of the change criteria. That is, slight fluc- 
tuations are picked up that may not be due to true failure 
mechanisms but, instead, to instrument operator error 
only, etc. 


TABLE IY. 
Degradation, Per Cent 
Storage Units on Per 1000 Hours 
Temperature Test Change Catastrophic 
Criterion Criterion 
D5aG 1750 0.4 0.01 
150°C 1000 0.6 0.1 
200°C 500 0.8 0.2 
TABLE V 
Degradation, Per Cent 
Average Rectified Tnicion Per 1000 Hours 
Current T ee = 
(ma) = Change Catastrophic 
Criterion Criterion 
30 1000 0.5 0.05 
60 500 0.6 On 
90 250 Oo 0.2 


Table V presents the operating life test results for three 
values of average rectified current. In these tests the units 
are operated in 60-cycle, half-wave rectifier circuits with 
average rectified currents of 30, 60, and 90 ma. As with 
storage life, the results shown indicate the rates experi- 
enced during the constant failure rate portion of the fail- 
ure rate vs time curve. 

Although all the reliability data presented was for con- 
ventional microdiodes, it is becoming evident that it will 
also be pertinent to other microdiode types and to micro- 
transistors now under test. The data’ does indicate, in any 
case, that devices fabricated with passivated silicon sur- 
faces, a maximum of mechanical simplicity, high-purity 
materials, and film coatings can attain a high degree of 
reliability. 


CONCLUSIONS 


A family of microdiodes and microtransistors has been 
described, with the main emphasis and data being on the 
microdiodes. Units such as these, together with other mi- 
crocomponents, or used in thin-film circuits, offer new ap- 
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proaches to practical, working electronic systems on a 
scale at least ten times smaller than most existing systems. 
Indeed some approaches, such as the Signal Corps Micro- 
module program which uses such microcomponents, are 
already well advanced. 

By maintaining very simple constructions and utilizing 
surface passivation techniques, low ultimate component 
costs can be expected. To the system designer, this, in 
turn, means circuit functions of high reliability, maximum 
flexibility, and low cost. 
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Inductive Semiconductor Elements and Their Application 
in Bandpass Amplifiers* 
HANS G. DILL} 


Summary—Filter circuits using wire-wound inductors are 
hard to microminiaturize because coils are rather bulky. This 
paper discusses different inductive semiconductor devices which 
may replace coils where space is a problem. 

Forward-biased diodes, properly designed, behave like very 
lossy inductances. Combining them with negative-resistance 
devices increases the Q but creates serious temperature and 
stability problems. 

Relatively temperature-stable inductance elements are possi- 
ble by combination of a phase shift network with a transistor. 
The principle, well-known in tube circuitry, gives high induc- 
tances with only a moderate Q because of the low input imped- 
ance of the transistor. 

Promising results have been demonstrated with a transistor 
operating in the o cutoff region. The device is dc stable, and has 
a moderate temperature sensitivity which might be partly com- 
pensated if necessary. Avalanche multiplication is used to reduce 
the damping resistance of the inductive transistor. 

Simple band-pass amplifier circuits are presented in the last 
section to demonstrate how to use the inductive transistor in 
practice. 


* Received by the PGMIL, April 12, 1961. This work has been 
supported by WADD USAF Contract AF 33(616)-/252. 

+ Dey. Lab., Semiconductor Div., Hughes Aircraft Co., New- 
port Beach, Calif. 


INTRODUCTION 


HE general trend toward microminiaturization 
makes it desirable to fabricate inductive and capaci- 
tive elements by a pure semiconductor approach. At 
present, methods are available to produce stable capacitive 
elements with a high Q for most applications. The problem 
is more difficult with respect to a useful inductive element. 
The main purpose of this paper is to evaluate various 
semiconductor inductive elements and show some simple 
applications. All the approaches that have been considered 
seriously are discussed. It will be seen that we are pessi- 
mistic about the practical utility of a number of fairly 
straight-forward solutions. The element with the best 
characteristics, an inductive transistor, is considered in 
detail in the latter sections of the paper. 


INDUCTIVE DIODE 


Forward-biased junction diodes may behave like induc- 
tive elements. The inductance is caused by delayed con- 
ductivity modulation of the base. This phenomena observed 
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by many workers’ has been treated in detail by Spenke.*® 
Simplified, small-signal analyses are given by Nishizawa‘ 
and Ladany.* Summarizing these two papers gives us the 
following picture. 

A basic requirement for the existence of inductance in a 
forward-biased junction diode is an electric field in the 
base region and enough minority carrier injection to mod- 
ulate the base conductivity. These conditions are satisfied 
by a narrow-base PIR diode having nearly equal division 
of the applied voltage between the base region and the PI 
junction. The R of PIR is a noninjecting ohmic contact to 
the base region. 

Using these basic assumptions, the following character- 
istics of inductive diodes have been derived: 


1) The inductive diode can be defined by an equivalent 
circuit as shown in Fig. 1. It consists of a lossy 
capacitance in the modulated base region and a pure 
resistance in the unmodulated base region. The un- 
modulated base region does not exist if the width of 
the base region b is less than the diffusion length L 
of the minority carriers. This conditions is fulfilled 
in all our experiments and discussions. 


2) The Nyquist diagram of the modulated base re- 
gion is approximately a semicircle shown in Fig. 
2. The highest inductive reactance occurs where 
the diffusion transit time of the minority carriers 
through the base equals the inverse of the radian 
frequency wy, 
b? 1 


= 1 
DIDY Wh ( ) 


where 6 = base width, 


D’ = diffusion constant in the intrinsic base ma- 
: pln 
terial, = —————_, 
IDI SIDE, 
and — ae is the diffusion transit time. 
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Fig. 1—Simplified model and equivalent circuit of a forward- 
biased diode. 
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Fig. 2—Nyquist diagram of the modulated base region with a 
forward-biased diode. 


3) The inductive reactance of the base region in- 
creases with decreasing bias current; however, the 
capacitive reactance of the PI junction increases 
even faster with decreasing bias at low current 
levels. The net effect is that the diode is capacitive 
at low current levels and becomes inductive at 
higher current levels. This is shown in Fig. 3. 

4) The Q of the inductive diode is always less than 
unity and reaches a maximum inductance at rela- 
tively high forward currents just below the cutoff 
frequency fp. 


Our own experiments agreed in general with the the- 
oretical results derived by Nishizawa and by Ladany. 
Typical values for our diodes are: 


f, = 100 kc to 5 Mc 
L, up to the mh region 
Or< | 


Fig. 4 shows the forward characteristic and Nyquist 
diagrams for an experimental N*P diode. At low currents 
the inductive reactance does not increase as predicted by 
the theory. The reason may be that the base region is not 
intrinsic and therefore the injection efficiency falls off at 
low current levels. The effect of the junction capacitance 
at very low current levels shows up well. 
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Xq inductive reactance 


_inductive reactance of the base region 


Ee 
a aede ae ah, forward bias 


- Scapacitive reactance of the PI junction 


Xq capacitive reactance 


Fig, 3—Reactance of a forward-biased diode in function of the 
bias current at a fixed frequency f < fp. 


I4ma 


1215 x10 


Diffusion length in base 
~ 0.004 in. 


Fig. 4—Forward characteristic and Nyquist diagram of experi- 
mental N + P inductance diode. 


CoMBINATION OF INDUCTIVE DIODES WITH 
NEGATIVE RESISTANCE DEVICES 


The high losses in the inductive diode greatly restrict 
its application. A Q of five or better is desirable for the 
construction of useful bandpass amplifiers. 

A negative resistance may be used to compensate in part 
for the damping resistance. Four possible combinations 
aiming at a high Q inductance will be discussed. At pres- 
ent, practical applications are limited because of stability 
problems and excessive temperature sensitivity. 


Inductive Diode—Tunnel Diode 


The equivalent circuit and V-I diagram of an inductive 
diode-tunnel diode combination are shown in Fig. 5. The 
voltage-stable negative-resistance device and the tempera- 
ture-sensitive forward characteristic of the inductive diode 
produce an extremely unstable dc operating point. With a 
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Fig. 5—Equivalent circuit and V-I diagram of an inductive diode- 
tunnel diode combination. 


constant ambient temperature, the heating effect in the 
inductive diode itself shifts the operating point. The for- 
ward characteristics of the inductive diode varies approxi- 
mately 100 my from 25°C to 75°C. This is enough to move 
the operating point over the whole negative resistance char- 
acteristic of the tunnel diode. Voltage stabilizing devices 
complicate the system and make it difficult to stabilize the 
de operating point in the negative-resistance region. 

The experimental circuit produced a Q of five to ten. 
Measurement was difficult because of circuit instabilities.® 
It is evident that the circuit combination in its present 
form is not suitable for band-pass amplifiers. 

The following negative-resistance devices are current 
stable and produce a less temperature-senstive operating 
point. All of these negative-resistance devices can be de- 
signed to display the inductive effect in the same unit. 


Four-Layer Diode 


Nishizawa demonstrated that current amplification at the 
base side of an inductive diode may be used to increase Q 
and the inductance greatly.1°"! An experimental P*NPN* 
structure is shown in Fig. 6. The inductance of this device 
was in the mh range at frequencies up to one Mc. A reso- 
nant circuit having a stable Q up to 30 at room tempera- 
ture has been built. The germanium device tested in Fig. 6 
is very temperature-sensitive. It has also been found that 
silicon devices have similar temperature-stability problems. 


*“Molecular Bandpass Amplifier,” Semiconductor Div., Hughes 
Aircraft Co., Newport Beach, Calif., Interim Sci. Rept. No. ME 
Contract AF 33(616)—7252; July 15, 1960. 

“J. Nishizawa and Y. Watanabe, “Semiconductor inductance 
diode,” unpublished rept. Res. Inst. Elec. Commun., Tohoku Uniy. 

“J. Nishizawa and Y. Watanabe, “Semiconductor Inductance 
Diode,” presented at 1960 Solid State Circuits Conf., Philadelphia, 
Pa., February 10-12. 


242 


The negative slope may be adjusted with a variable base 
current Js. This allows compensation of the temperature 
effect over a narrow range. 

The inductive four-layer diode is suitable for use in a 
band-pass amplifier. The temperature sensitivity is high 
and less controllable than with the following devices. 


Avalanche Transistor 


Alloy transistors with a wide base region show consid- 
erable inductive effect. A resonant circuit is shown in Fig. 
7. The Q can be adjusted by varying the collector potential 
in the avalanche region. A table Q of 30 at 120 Kc has 
been measured. The temperature dependence is still high, 
but much better than with the two previous devices. 

The input signal may be fed into the reverse-biased base 
(input B). The resulting unidirectional band-pass ampli- 
fier has considerable power gain. 

Unfortunately, the circuit has the following serious 
drawbacks: 


1) high noise level, 
2) high power dissipation, 


3) difficulty of reproducing avalanche transistors with 
the desired characteristics. 


Unijunction Transistor 


A unijunction transistor, if properly biased, may exhibit 
a high Q inductive effect. V-I and Nyquist diagrams for 
an experimental unit’? are shown in Fig. 8. The bandpass 
amplifier in Fig. 9 is very promising. Resonant frequency 
fo and Q show moderate variation with temperature. The 
Q of the circuit has been temperature-stabilized by feed- 
ing the bases through a thermistor resistor network. Meas- 
urements gave a Q of 20 +2 from 25°C to 50°C. The 
resonant frequency has been partly stabilized with a ca- 
pacitor having a temperature coefficient opposite to that of 
the inductance. 

Unijunction transistors allow stable operation of a 
band-pass amplifier over a limited temperature range. More 
work is necessary to build the temperature-compensated 
amplifier in microminiaturized form. 


REACTANCE TRANSISTOR!? 


Large inductances may be obtained from a circuit con- 
sisting of a transistor and an RC phase-shift network. 
This principle is well known in tube circuitry. The base 
voltage of the transistor in Fig. 10 lags the collector volt- 
age by almost 90°, if R, >> X-, and hi > X-. The result- 
ing collector current which is in phase with the base volt- 
age lags the collector voltage by nearly 90°. Consequently, 
the circuit appears inductive to an external source. 


* “Molecular Bandpass Amplifier,’ Semiconductor Div., Hughes 
Aircraft Co., Newport Beach, Calif., Interim Sci. Rept. no. 2, 
Contract AF 33(616)-7252; October 15, 1960. 

* Theoretical work and experiments performed by D. P. Schulz, 
presently with Pacific Semiconductors, Inc., Culver City, Calif. 
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Fig. 6—V-I characteristic of germanium four-layer diode in func- 
tion of temperature and base current. 
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Fig. 7—Circuit and de diagram of a band-pass amplifier with an 
inductive transistor in avalanche mode. 


The value of this inductance may be found by solving 
for the output admittance of the general equivalent cir- 
cuit? shown in Fig. 11. 

7, i ee (2) 
= U2P 
Zi Lin €0 


mls P. Hunter, “Handbook of Semiconductor Electronics,” 
McGraw-Hill Book Co., Inc., New York, N.Y.; 1956. 
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Fig. 8—V-I and Nyquist diagram of an inductive 
unijunction transistor. 
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Fig. 9—Band-pass amplifier with a unijunction diode and tempera- 
ture dependence of the resonance frequency and Q. 


where 
Loh; To 
Liss — h; SUD == =. we 
Z2 + h; 1 i 
, z C0Z in 
19 = hot, GS = ; 
[Zin = Zi\h; 
then, 
4 FF ie ao NZ in (3) 
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hj = lye ee 
Ui tAg 


Fig. 10—Inductive element consisting of a transistor and a 
RC-phase shift network, 


General equivalent circuit 


Simplified equivalent circuit 


Fig. 11—Equivalent circuit of the inductive element 
shown in Fig. 10. 

we finally get 
hoy 
h; 


1 
H + qwC oR, 


Vo = hy tr (4) 


1 
eae 
1 s Gi 
which reduces to the simplified equivalent circuit in Fig. 


11. The equivalent inductance L; is 


h; 
== Cali 
h 


21 


Ib if Ry > Xo. 


(S) 


The circuit losses may be lumped into an equivalent parel- 
lel conductance of the value 


hoy 1 
h; [wCoR, |? 


A high RC, product is desired to keep the circuit losses 
to a minimum. The expression 


h, Tb ok re/ (1 4 a| 
hoy hoy 


1 
Gi = hee + = + (6) 


26 


r= ohms (7) 


e 
Ema 


is equivalent to 1/gm used to describe vacuum tubes. How- 
ever, since vacuum tubes are essentially high-input resist- 
ance devices, an order of magnitude difference exists be- 
tween the “transconductance” for the two classes of 
devices. 
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Very large equivalent inductances are obtainable with 
transistor phase shift circuits, but the Q is low because of 
the loading effect of the transistor. Experimentally equiva- 
lent inductances as high as 10 h have been obtained, but 
the resulting Q has always measured less than 10. 


INDUCTIVE TRANSISTOR 


A transistor with a grounded collector and a large base 
resistance may exhibit an inductance between emitter and 
ground if operated in the a cutoff region.***® Considered 
in this report are alloy transistors with a wide base region 
and, consequently, a low « cutoff frequency. 

These units may produce inductive values in the milli- 
henry region. The theory presented applies equally well to 
drift transistors with higher cutoff frequencies and lower 
inductances. 


Basic Theory 


Inductive behavior is observed if the transistor in circuit 
Fig. 12(a) operates in the base diffusion cutoff region 
(where @ is complex). 


+V FIG. 12A 


The circuit of the 
inductive transistor 


rp = internal base resistance 
ne external base resistance 


for Ri <I, 
& complex 


To=Fmt Ry 


fe +r 
© b 
Pott +R 


Ze = fe + Ph (1 - Xx) ONO IRYESS Ip 


Fig. 12—Actual and equivalent circuit of an inductive transistor. 


The input impedance Z, can be derived with the 
help of the equivalent circuit in Fig. 12(b). If we assume 
that Rr<r,, and the collector cutoff frequency, 
fo=1/2mrC., is much higher than the base cutoff fre- 
quency fz, we get 


Ze= te + rs[1 — a]. (8) 


% J. Nishizawa, T. Kojima, and T. Yoneyama, “Semiconductor- 
multipliers and inverters of the impedance and admittance.” Res, 
Inst. Elec. Commun., Tohoku Univ., unpublished rept. 

“R Zuleeg, private communication; March, 1961. 
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The current amplification factor 2 in the cutoff region is 
approximately determined by 


1 ia 

a= j ao = ; ‘. a9 (9) 
ae” ® 
ae fo 


where 


r, = resistance of the forward-biased emitter junction, 


KT 26 
= = ohms (10) 
gla Lema 
In=dc emitter current 
K =Boltzmann’s constant 
q=electron charge 
K=temperature in °K 
ro=1e' +1 rs 
r,/=internal base resistance 
’y; =external base resistance 
a = grounded-base current gain 
a) =grounded-base dc current gain 
f=operating frequency 
fy=aa cutoff frequency 
22) 
= ——— for alloy transistors (HED) 
T Dery” 


D=diffusion coefficient 
bez = effective base width. 


The final expression for the input impedance Z, consists 
of the inductive reactance X, in series with the damping 
resistance Ig, 


i 


(OA 
ao fo 


t Je con) 
a 2 
La) 
fo 


“0 
fo 


Fig. 13 shows the Nyquist plot of the impedance Z-. It 
is a semicircle with dimensions independent of the operat- 
ing frequency. 

A more accurate solution for the input impedance Z, 
considers the collector cutoff frequency fo and a better ap- 
proximation of @. 


pas ie EH 1b 


1) The collector cutoff frequency, fo =1/277%C., some- 
what modifies the expression for the input impedance Z,. 


1—ea 
Loerie ate Tess 13 
ne (13) 

fo 


2) A better approximation of a in the cutoff region is: 


196] 


SL A Xo Inductive reactance 


x damping resistance 


uy 


Zea=RotiXc 


> x, 
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ata 1 es | 
th fh 


Example: eo s! Rep OW) ee out 


45=0.9 
Fig. 13—Nyquist diagram of an inductive transistor. 
e im Ifo) 
a= — = CG 
aes 


fo 


cos m— + —sinm— 
fo Jb b 


ay : ary 
(7) 
1+(— 
fo 


The correction factor m is 0.21 for alloy transistors. 
The resulting impedance gives a Nyquist plot which devi- 
ates slightly from the semicircle obtained by the simple 
approximation.*® In all our discussions the simplified ap- 
proximation will be used. The error is small if we operate 
in the frequency region f < f» and assume that fz < fo. 

The inductive element is fully defined by Q and L,: 


/ 
g- “+ . awe (15) 
OI] 
b 1 a (= 
i 
Le Yb : He (16) 


derived from (12). 
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A desirable high Q depends on the following param- 
eters: 


1) emitter resistance re low 

2) % high 

3) 1» >> re; ro is limited on the high end by the col- 
lector cutoff frequency fy. 


With present transistors, the highest inductance L, is 
limited to the lower millihenry region. It can be optimized 
with the following parameters: 


1) Ls increases proportional to ry as long as fo > fo 
2) % high 
3) fo low; the necessary wide base region may produce 


excessive minority-carrier recombination and conse- 
quently reduce a. 


Fig. 14 shows Xs, Ls, Rs and Q as functions of the 
normalized frequency f/fy. The values are derived from 
the Nyquist plot in Fig. 13. The useful frequency range 
depends on the application: 


I 
to 
sh 0.1 to 0.2 is useful for all applications where L, 


= 0.3 to 0.8 is desirable for high Q values. 


fo and R, are nearly constant with frequency. 


— © 1is the region where X, is constant with frequency. 


fo 


—— > Lis not very useful because of the low Q and J,. 
to 
Transistor: fr = 10° sec 
% = 50N 
hee 
X= 0.9 
Rg 
Ze Ze Rg +jXo 
CEES SEACH 
SoS) Rs = 
NK 
Se 
SS 
U Ne 
Ss as A 
——$___ ——— 
on a2 a5 1.0 20 50 
Fig. 14—X,, Ls, Rs and O as functions of the normalized fre- 


quency {/f» for the inductive transistor in Fig. 13. 


The inductive transistor in its basic form has two limi- 
tations: 

1) Q is generally below one. 

2) L, max is in the mh region. 
The next section shows that there are ways to solve both 
problems. 
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High Q Inductive Transistor 


From the expression (15), it is evident that a has a 
very strong influence on Q. There are two methods of pro- 
ducing a desirable high a. 

1) We can use a transistor with an injecting junction 

on the collector side. Such a device is highly temper- 


ature-sensitive and, in general, difficult to stabilize. 


2) Avalanche multiplication is not very temperature- 
sensitive and the noise is tolerable in the lower mul- 
tiplication region. 


Avalanche multiplication has been chosen in our case 
because of the low temperature sensitivity. The input im- 
pedance in the avalanche region 1s: 


M 
Le =e +t To ze ji pate Te Cy) 
“Q 
to 


M is the current multiplication factor defined by Miller.” 


M = : (18) 


where V’¢ is the reverse voltage across the collector junc- 
tion, Vz is the collector breakdown voltage, and m is a 
number depending on the type of material and the im- 
purity concentration. 

The modified Nyquist diagram in Fig. 15 shows that 
the high-frequency end of the semicricle is fixed. The size 
of the semicircle grows with the increasing multiplication 
factor M. The damping resistance at the low-frequency 
end decreases and may even disappear and become nega- 
tive with increasing values of M. The Q can now be 
chosen to any desired value in the region 


0.1 ee <<2O3 


b 
where L, is high and nearly independent of frequency. 
A suitable inductive transistor for operation in the ava- 
lanche region should fulfill the following conditions: 


1) High a, so that only a low multiplication factor M 
is necessary to get a high Q. 
Example: Gomin = 0.99. 


2) Wide base region b if high inductance is desired. 
Minority carrier recombination rate limits the base 
width b. 

Example: Dmaz <2 mils for a, = 0.99. 


7S. L. Miller and J. J. Ebers, “Alloyed junction avalanche tran- 
sistors,” Bell Sys. Tech. J., vol. 34, pp. 883-902; September, 1955. 

*®H. G. Dill, “Avalanche pulse generators,” to be published in 
Semiconductor Products. 
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3) Clean avalanche breakdown without surface effects 
and high M 


Ve 
at low —- 
B 


1 
(a) 
yeaa 
Ve 
n-p-n silicon or p-n-p germanium units are preferable be- 
cause of the desirable low n. 


4) Vx low for low power dissipation. 
Example: Ig = Ig = 0.5 ma and Ve = 15 to 30 V. 


5) Low resistivity base material is desirable so one can 
avoid excessive reduction of the effective base width 
by the collector depletion region. The base material 
should still have lifetime sufficiently high to keep 
the minority carrier recombination rate in the base 
region low. The choice of base width and resistivity 
is governed by the following relations: 


WYO) 
fi = : (19) 
Wes z” 
bu OAR (20) 
Deeg al 2/2 
:- (aT ee 
qno 


where 


Ab =width of the depletion region into the base re- 
gion, 


unstable region 


Tetl-& Aor M 


Ze = Rs +)Xs 


Oo M 


Sie stig 


Ze= Fe tlh —Prp 


Fig. 15—Nyquist diagrams of an inductive transistor operating in 
the avalanche region. 
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besy = effective base width, 
b=actual base width, 
M)=impurity concentration =f(resistivity), 
g=electron charge, 
€=dielectric constant, 
€) =dielectric constant of free space. 
Example: bmax=2 mils with 5 ohm-cm WN type ger- 
manium, 


An ideal solution exists if the depletion layer moves 
only into the collector region and the effective base width 
stays constant. This condition can be closely realized by 
the grown junction technique with a higher collector than 
base resistivity. 


6) ry» and Cy are limited on the high side by the fact 
that the collector cutoff frequency f, should be 
higher than the @ cutoff frequency. Assuming that 


fo = 4fo, (22) 


we get Des” 
TG Oo 


(23) 


Large Inductances 

An emitter follower stage can be used to multiply the 
inductance produced by the inductive transistor. Fig. 16 
shows the basic arrangement. 

To obtain a stable high Q inductive element, the follow- 
ing condition must be fulfilled: 


Pees ot: 

2) Ze: developed by the inductive transistor must have 
a high Q. 

3) The base resistance of transistor T2 must be low. 

In practice, it can be possible to get inductances in the 


henry region with reasonably high Q, although it is some- 
times difficult to stabilize the system. 


Emitter follower 
Vv 


Inductive transistor 
aN 


tho >> fb, 


M j M (f/f) 
Zen =e ehpeakp — 
Fe Ra rr PN n Ah Fisk 


Ze} 
Zen = Tbot Ere 


Fig. 16—Inductive transistor with an emitter follower as an 
impedance multiplier. 
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Temperature Dependence 
The temperature dependence of the inductive transistor 
is clearly defined and results from three different sources. 


1) The @ cutoff frequency f, changes as a function of 
the temperature dependent diffusion coefficient D, 


_ 1.22D(7) 


mb? 


(24) 


2) The resistance of the emitter junction increases pro- 
portionally with the temperature 


KE (25) 
Te = _ 
ql 
3) The internal base resistance 7’ changes proportion- 
ally with the temperature-dependent conductivity of 
the semiconductor material. 


The relative importance of the three parameters is dis- 
cussed in the measurement section. 


Measurements 


Three transistors with the parameters shown in Table I 
have been used in our experiments. 

Fig. 17 shows the Nyquist diagrams for transistor S1 
with a low and high base resistance 7 at 25°C and Fe Ce 
respectively. 

The graph shows that: 

1) The temperature sensitivity of the emitter resistance 

re has little effect if re/rm <« 1. 

2) The variation of 7’ with temperature depends 
largely on the doping level of the base material. The 
influence is rather small in the operation region 
Tito = 02. 

3) The temperature-dependent diffusion coefficient D 
greatly affects the a, cutoff frequency fy. The fre- 
quency changes in our case about 10 per cent per 
50° temperature variation. Unfortunately, Q and X; 
are greatly affected. 


Fig. 18 shows the Nyquist diagrams at 25°C and 50°C 
of transistor S3 in avalanche mode. A comparison with 
Fig. 17 shows that the temperature sensitivity of the main 
parameter fy is about the same. Theory and experiments 
indicate that silicon transistors have no worthwhile ad- 
vantage over germanium transistors in respect to tempera- 
ture sensitivity. 

A plot of R, and X, as a function of 7 in Fig. 19 shows 
how X, reaches a saturation value and may even decrease 
where the condition fy < f is no longer fulfilled. 

Nyquist diagrams for the transistor $2 in normal and 
avalanche mode are shown in Fig. 20. The results agree 
in principle with Fig. 17. The shift of the semicircle at 
the high-frequency end is a result of the heating effect 
within the transistor. 
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Fig. 17—Nyquist diagrams at 25°C and 75°C with low and high 
ry» for a germanium alloy transistor, Type Sl. 
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Fig. 18—Nyquist diagrams at 25°C and 50°C of transistor S3 in 
avalanche mode. 


Fig, 21 shows the Q as a function of the collector poten- 
tial for different values of Jz and 7. The avalanche multi- 
plication necessary for a given Q is reduced with increas- 
ing emitter current Jy and base resistance 75. 

Practical design ideas with respect to an inductive tran- 
sistor are shown in Fig. 22. The device consists of an 
alloy transistor with a long base tab to produce the de- 
sired rps. A heat sink connected to the collector is desir- 
able to protect the unit from overheating. 
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OPERATING CONDITIONS 
f = 2Mc 
Ie = ima 
Vep=z SV. 
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Fig. 19—Effect of collector cutoff frequency f. on Xs for 
germanium alloy transistor S3. 


100. 200 300 400 500 


operating conditions 


Ip-=1ma 
rp = SOON 
if Sexe 


Fig. 20—Nyquist diagram in regular and avalanche mode for 
experimental alloy transistor, Type Sl. 
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Fig. 21—Q in function of Vne, ro, Ix and Ic—V ac characteristic 
for transistor S2. 
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Inductive transistor with 
base resistance up to 6000 


Inductive transistor 
with very large base 
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Fig. 22—Practical design of an inductive transistor with 
built-in base resistance. 
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Fig. 23—Basic band-pass amplifier stage with an 
inductive transistor. 


BAND-PASS AMPLIFIER CIRCUITS 


The use of inductive semiconductor elements in micro- 
miniaturized band-pass amplifier circuits creates a number 
of new problems. The most serious are: 

1) Correct de biasing of the inductive element may 
create undesired circuit interactions. It is sometimes 
difficult to stabilize the de operating point. 

2) ac stability needs careful consideration. 

3) The temperature stability is the most serious prob- 
lem. Q values comparable with coils are possible, 
but the compensation of the damping resistance with 
a negative resistance leads to the high temperature 
dependence. 
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transistor 
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Fig. 24—Resonant stage with an inductive transistor followed 
by a grounded emitter stage. 


Practical 
arrangement 


Fig. 25—Band-pass amplifier with isolating stages at the input 
and output sides. 


A few basic examples of inductive transistors in band- 
pass circuits will be shown. The inductive transistor, be- 
cause of its fair temperature stability and reproducible 
characteristics, 1s most promising when compared with 
the other inductive devices. One or two additional tran- 
sistor stages are used to separate the resonance circuit 
from input and output and produce unidirectional power 
gain, 

The basic version of a bandpass amplifier is shown in 
Fig. 23. It is a parallel resonant circuit consisting of an 
inductive transistor and a capacitive element. A reverse- 
biased diode is used as a capacitor because it is tuneable 
and can be integrated in one semiconductor block with the 
transistors. A pure two-terminal resonant circuit exists 
if the collector is grounded. Unidirectional power flow 
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may be achieved by coupling the output through a small 
collector load so that R, <« 7c is still valid. Fig. 24 shows 
a more practical solution. A resonant circuit using an in- 
ductive transistor 7, with collector grounded is followed 
by a grounded emitter stage Ts. 

A more complete band-pass amplifier with isolating 
stages at the input and output is shown in Fig. 25. The 
resonant stage consisting of an inductive transistor 7, and 
capacitive diode C forms the collector impedance of the 
grounded emitter stage T,. An emitter follower 7; pro- 
vides a low impedance output. All three stages use p-n-p 
transistors and one common de source. Microminiaturiza- 
tion of the circuit is accomplished by mounting of the in- 
tegrated semiconductor devices on a ceramic board with 
evaporated resistors and interconnections. 

Preliminary tests show a very smooth transition from 
amplifier to oscillator mode if the circuit is biased correctly. 
Stable values of Q up to 40 have been demonstrated at room 
temperature. 
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CoNCLUSION 


Different types of inductive semiconductor elements 
have been discussed in this paper. Our conclusion is that 
at the present state of the art, the inductive transistor is 
very promising. Moderate avalanche multiplication reduces 
the losses without increasing the temperature sensitivity 
and the noise level too much. A drawback with respect to 
microminiaturization is the relatively high power dissipa- 
tion. 

Practical use of the inductive transistor in bandpass am- 
plifiers is demonstrated. Temperature and stability prob- 
lems force the designer to restrict microminiaturization to 
relatively simple circuits. 
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Fabrication of Microminiaturized Core Memories by 
Plastic Encapsulation Techniques* 
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Summary—Plastic encapsulation of nonlinear ferrites, and the 
effect of this encapsulation on the magnetic characteristics of 
the ferrites, is discussed in this paper. This technique provides 
greater immunity to shock and vibration damage than conven- 
tional core frames and provides bit densities in excess of one 
million per cubic foot. 

Chemical deposition and photographic techniques may be 
used to form a portion of the wiring matrix. Through-hole 
plating of ferrites having a 15-mil diameter hole is possible. 

Small-evaluation memories have been fabricated, using both 
toroids and transfluxors. Temperature tests on these memories 
show that encapsulation causes a slight increase in switching 
speed and a small decrease on output for a given drive current. 
These changes remain almost constant over the temperature 
range. No significant changes have been noted in the noise out- 
put. 

Techniques outlined are presently being used in the fabrica- 
tion of microminiaturized, nondestructive memories for missile 
and satellite application. 


* Received by the PGMIL, February 17, 1961. Presented at the 
Second Annual Military Electronics Conf., Los Angeles, Calif. ; 
February 1, 1961. 

+ CBS Labs., Div. of CBS, Inc., Stamford, Conn. 


I. INTRODUCTION 


ITH the introduction of the magnetic-memory 

WW core into practical digital, binary, storage sys- 
tems** a great amount of effort has gone into op- 
timizing the various considerations associated with this 
device. Basic core equations,* indicate that speed of opera- 
tion, coupled with simultaneous drive-current reductions, 
are possible with smaller cores. This has led to the devel- 
opment of present-day cores measuring as little as 0.030-in 
O.D. Some amount of miniaturization is practical with 


_*J. W. Forrester, “Digital information storage in three dimen- 
sions using magnetic cores,” J. Appl. Phys., vol. 22, pp. 4448; 
January, 1951. 

* J. A. Rajchman, “Static magnetic matrix memory and switching 
circuits,” RCA Rev., vol. 13, pp. 183-201; June, 1952. 

“W.N. Papian, “A coincident-current magnetic memory cell for 
the storage of digital information,” Proc. IRE, vol. 40, pp. 475- 
478; April, 1952. 

_*N. Menyuk and J. G. Goodenough, “Magnetic materials for 
digital computer components. I. A theory of flux reversal in 
polycrystalline ferromagnetics,” J. Appl. Phys., vol. 26, pp. 8-18; 
January, 1955. 
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these cores. There is, however, a present limitation on size 
reduction due to fabrication problems encountered with 
hand wiring and to supporting frame size. 

Paralleling the work on newer and smaller cores has 
been the development of multiapertured ferrites*-7 which 
can perform functions of data storage, logic, etc. much 
like normal cores but embody a nondestructive character- 
istic. This capability will lead to their use in program stor- 
age applications and other areas where permanent storage 
is necessary. 

The purpose of this paper is to outline work done in 
combining techniques associated with plastic encapsulation 
and photolithographic arts for application to small cores 
and transfluxors to form miniaturized and rugged memory 
systems for military use. It has been found practical to 
encapsulate ferrite cores with suitable plastic material and 
subsequently to form a portion of the matrix wiring by 
photolithographic techniques. With a plastic material 
matching the physical characteristics of ferrite material, 
little effect on core-operating parameters is experienced. 
Bit densities in excess of one million per cubic foot are 
possible with 0.050-in I.D—0.080-in O.D. cores or 
0.095-in transfluxors, including interconnections. The 
techniques are being applied to form sheet-like plattens of 
toroid cores and transfluxors which allow a major reduc- 
tion in the volume and weight of supporting frame work. 


II. BackGRouND AND THEORY 


The method of core-plane fabrication has changed little 
since the inception of the ferrite memory core. This 
method is that of mechanically positioning cores in a jig 
hand wiring the necessary drive, sense, and inhibit lines, 
and hand soldering these lines to terminals on a window- 
frame-like mounting. Development work has been pro- 
gressing on ferrite sheets with positioned holes and one 
printed wire. These “aperture sheets” have been somewhat 
emulated by drilling out holes in regular circuit boards and 
placing cores in the holes. Hand wiring has been necessary 
here because of the physical gap between ferrite and 
board. As early as 1957, Guditz® reported on a plane of 
this construction which was subsequently coated with a 
light plastic material in an attempt to form a base for 
printed wiring. 

It was desired in our program to form a homogenous 
matrix of cores, substrate, and wires using newly devel- 
oped techniques associated with microcircuitry. In order to 
utilize such processes as photoetching, it was found neces- 
sary to lay the cores flat with their axes perpendicular to 


°J. A. Rajchman and A. W. Lo, “The transfluxor,” 
vol. 44, pp. 321-332; March, 1956. 

orl ‘A. Bal dwin, Jr. and J. L. Rogers, “Inhibited flux—a new 
J. Appl. Phys., 
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mode of operation of a three-hole memory core,” 
vol. 30, Suppl., pp. 58-59; April, 1959. 


Cet, 1B Priebe, Jr., “Three hole cores,” Electronics, vol. 33, 
PP. Base July, 1960. 
- Guditz, “Three-dimensional printed wiring,” Electronics, 


vol. 400: pp. 160-163: June, 1957. 
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the plane of wiring. It would also be required that no phys- 
ical gap be present between the core and supporting sub- 
strate over which it would be impossible to plate a conduc- 
tor. The method of forming a core plane by plastic injec- 
tion while the ferrites are held in position appeared to have 
the greatest promise. In essence, this would allow a “‘one- 
shot” fabrication cycle which would be less expensive than 
sequentially drilling holes in a substrate and then placing 
cores in the voids. 

A paper published in 1953 by Bell Telephone Labora- 
tories® described the effect of encapsulation on nonlinear 
ferrites having Bm/Br ratios of less than 60 per cent. At 
the time of its writing, it was desired to impart a stress to 
negative magnetostriction ferrites in such a way as to im- 
prove the squareness of the B-H hysteresis loop. Here, 
a plastic with eight per cent polymerization contraction was 
used with rather large cores. A few simple calculations 
showed that this amount of shrinkage would be detrimental 
to present-day cores with small dimensions and, in fact, a 
trial proved that this amount of contraction would fracture 
most ferrites. 

To meet today’s needs in system designing, wide temper- 
ature ranges must be taken into account. Therefore, any 
encapsulating material must be of the same order of mag- 
nitude in coefficient of thermal expansion as that of the 
ferrite. Dissimilar expansion coefficients would produce a 
varying stress with temperature on a core surrounded with 
plastic. For an encapsulated toroid, this stress appears in 
circumferential lines within the device. By applying a 
stress to a ferrite in the direction of easy magnetization, 
greater domain alignment (anisotrophy) is evident. This 
is reflected in higher saturation-flux density, By, higher 
remnant-flux density B, and higher permeability py. The 
most important effect of this stress would be to alter the 
coercive force H, of the core and thereby change directly 
the switching time t, for a given drive current. In addition, 
the change in B, would result in a change in one output. It 
can be seen that for a plastic and core system possessing dis- 
similar coefficients of expansion, the normal changes in 
ferrite parameters due to temperature extremes will be com- 
pounded by a varying stress on the core producing addi- 
tional changes in characteristics. 

For linear-select type of operation, changes of a few 
per cent in core characteristics can be tolerated. In coinci- 
dent-current operation, these same changes might preclude 
encapsulated cores with varying characteristics from use. 
It was concluded that an encapsulant must have nearly 
the same coefficient of thermal expansion as that of ferrite 
(6 to 9 X 10°), and that the initial contraction of the 
material must be very low. Also, to insure operation of en- 
capsulated devices over long periods of time, there must 


°H. J. Williams, et al., “Stressed ferrites having rectangular 
hysteresis loops,’ Trans. AIEE, vol. xx (Commun. and Electronics, 
no. 9), pp. 531-537; November, 1953. 
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not be excessive life volume changes which would cause 
gradual characteristic shifts with age. 


Il]. DEVELOPMENT PROGRAM 


Aside from those properties desired in a plastic because 
of electrical considerations, it is also necessary to have 
process characteristics compatible with the physical char- 
acteristics of ferrite cores. The charateristis desirable in 
a plastic are: 

1) It must be capable of being injected at low pressures 
and temperatures. High injection pressures causing 
pressure differentials within the mold assembly would 
fracture relatively fragile cores. Temperatures 
greater than that of Curie point of the ferrite ma- 
terial would tend to alter permanently the magnetic 
characteristics of the devices. 

The initial polymerization contraction of the plastic 
must be low and predictable. Slight changes in core 
characteristics due to stresses resulting from sub- 
strate shrinkage can be tolerated. However, a very 
small change (of the same magnitude as variations in 
inspected core lots), is obviously desirable. These 
changes, if uniform within the bounds of a memory 
matrix, will change the cores a similar amount, and 
will not rule out the design treatment normally as- 
sociated with unencapsulated cores. 

The plastic must be impervious to the chemical proc- 
esses associated with plating and etching operations. 
It must also be capable of being processed in such a 
way as to guarantee a good bond between printed 
wiring and the substrate surface. 


2) 


3) 


After consideration, dially phthalate was found to pos- 
sess the many desirable characteristics demanded. Dially 
phthalate is a difunctional monomer which, when heated, 
undergoes polymerization. When polymerization reaches 
25 per cent, the material gels and further heating converts 
this soft gel into a hard, infusible, insoluble solid. The co- 
efficient of thermal expansion of this material is 8.25 X 
10° in/in/°C vs 6to9 X 10-*in/in/°C for ferrite. Because 
of the soft consistency of dially phthalate in the gel form, 
it can be molded at very low pressures. It offers outstand- 
ing dimensional stability with time (0.001 per cent max.), 
and the polymerization shrinkage is less than 0.02 per cent. 
Also, the heat resistance, electrical characteristics and mois- 
ture resistance properties are excellent. 

At room temperature, dially phthalate is a soft, putty-like 
substance. At 90°C, it becomes relatively fluid and can be 
moved by injection methods. Above 90°C, the material 
begins to polymerize and reaches completion near 140°C. 
A short curing time, in the range of 30 to 60 seconds at 
140°C, produces a tough, smooth-surfaced body. 

Most present day injection molders are designed for 
thermoplastic material. The cycle of this material consists 
of: heating the plastic above the cure temperature ; inject- 
ing it into a closed mold; cooling and removing the body. 
Thermosetting dially phthalate requires an additional pre- 
heating chamber and die heating to polymerize the plastic. 
An injection system was designed which fabricated suc- 
cessfully transfluxor plattens and can easily be adapted to 
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various goemetries and types of ferrite memory or logic 
devices. Die work will be discussed later in this section. 

Initially, RCA 222M2 80 X 50 mil cores were en- 
caspulated—four per platen. The platens measure 0.625-in 
X 0.625-in < 0.025-in and contained three additional holes 
for plated-wire returns. One such platen is seen in Fig. 1, 
along with a platen having a photoetched conductor path. 
The dies used during this first phase were hand loaded and 
the pressure/temperature operation was performed in a 
simple Bhueler hydraulic press. Even with conditions less 
than desirable, core loss due to fabrication ran less than 
1 per cent, and it was found that those cores fractured 
could be replaced easily during the inspection operation. 
Electrical results of these tests are discussed in the next 
section. 

Concurrent with the development of encapsulation tech- 
niques, plated and etched conductors were evaluated. Vari- 
ous methods and chemical solutions were formulated to 
yield a tough, tight-adhering bond between the ferrite and 
the platen material. Both electroless- and electrolytic- 
plating methods were evaluated, with variations in tem- 
perature, time, pH, agitation, and current density to de- 
termine what process would yeild the most desirable plate. 
A process of depositing a thin film of Cu by electroless 
ionic plating followed by an electrolytic plate was devel- 
oped. The limits with respect to through-hole plating ap- 
pear, at present, to be 0.010-in I.D. with a maximum of 
0.015-in hole depth. For production purposes, a limit of 
0.015-in I.D. holes in 0.015-in thick material has been 
adopted. 

A separate plated conductor resistivity test was run 
using dially phthalate discs 0.050-in in thickness. A six- 
inch long pattern 0.050-in wide and 0.001-in thick passing 
through a 0.015-in hole at its center was formed by Cu 
plating and photoetching. It was found that a resistance 
of 0.1 © for this platen was near that of soft Cu wire at 
about the same dimensions. One such platen is seen in 
Fig. 2; 

When core platens were subjected to the plating and 
etching process, no adverse effects appeared. The plate 
over the junction point of the core and plastic was in- 
spected microscopically and found to be equal in every 
respect to the plating on the substrate. Electrical con- 
tinuity and acceptable values of resistance were exhibited 
on all samples checked. The magnetic properties of the 
cores were not altered in any way following the numerous 
process steps necessary to fully fabricate a platen. 

To test the core platens in actual operation, small 16- 
bit memories were fabricated. Four platens containing four 
cores each were stacked alternately with spacers on base 
plates molded from dially phthalate. Each platen becomes 
a bit level in the memory and the plated conductor serves 
as the bit-write and sense line. Four pins in the base plate 
pass through the centers of the cores and act as the word- 
write and -read lines. A center pin joins all leads at the 
top for ground return. A 0.050-in top plate is added and 
the platens are joined using an epoxy resin seal around 
the perimeter only. Careful lapping of the excess epoxy 
exposes the internal platen conductors. Plating, following 
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by selective etching, connects these lines to the base pins 

and top ground return. This method of interconnection 

has been in use for some time at Massachusetts Institute 

of Technology on newer TX-2 logic modules. Electrical 

testing of the completed module proved very  satis- 

factory and, in fact, numerous cubes have been made 

available for test evaluation. Fig. 3 shows such a memory 

cube. 


IV. Test Resurts 


As was explained earlier, the radial pressure of en- 
capsulated causes an increase in the coercive force H, of 
negative magnetostrictive ferrite cores. This increase 
should, and does, alter the magnetic characteristics of the 
core. Because of the low pressure of encapsulation, and 
the low shrinkage coefficient of the plastic used, these alter- 
ations have been held to a minimum and do not degrade 


(a) (b) 


Fig. 1—(a) Four encapsulated 80 < 50-mil toroids in 0.025-inch- 
thick substrate. (b) Substrate containing four encapsulated 
cores with single-plated and etched conductor. 


Fig. 2—Etched pattern on dially phthalate disk. Conductor passes 
through 0.015-inch hole 0.050 inch in length at center of disk. 
Conductor is 0.050-inch wide by 0.001-inch thick and has a re- 
sistance of less than 0.1 ohm. 


Fig. 3—Sixteen-bit memory cube showing four core planes stacked 
on base. Undersize spacers separate planes and epoxy is used 
to fill gap and form bridge for plated connection. 
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the performance of the core in either coincident-current 
or linear-select type memory applications. 

The core characteristics of particular interest are: the 
switching time ts; the “one” output u/7,; the noise output 
dV; and the break current J, (i.e., the maximum partial- 
write current at a given full-read current which will not 
’ response of the core). All of 
these characteristics are affected by a change in H-. 

The switching time is related to the magnetizing force 
HH and the coercive force H, by the Goodenough-Menyuk 
equation (4): 


greatly increase the “zero’ 


t= Sa 


Iol—=Jéle 


where Sp is a “figure of merit” for ferrite material. 

According to this equation, if the magnetizing force is 
constant and the coercive force is increased, the switching 
time will increase. Fig. 4 shows this effect. This graph is 
a family of curves of t, vs temperature for both encapsu- 
lated and unencapsulated toroids. Plotted are constant-drive 
current lines for a group of RCA 222M2 80- X 50-mil 
cores. 

As may be seen, the expected increase in t, caused by 
encapsulation does occur. The parallelism of the ft; curves 
indicates that the radial pressure on the ferrite remains 
essentially constant over the temperature range tested. 

In a similar manner, and for the same reason, the peak- 
ing time ty of the core is increased for a given magnetizing 
force. 

The increased H, caused by encapsulation also reduces 
the “one” output obtainable at a given read-current level. 
This is because the ratio of H to H, is reduced which, in 
effect, means that the core is being driven “less hard.”’ For 
the same reason dl’, is decreased at a given drive level. 

The break current, J; is increased due to the increased 
Hf,, and a slight improvement in the squareness ratio of 
the B-H curve takes place. 

Typically, the magnetic properties of the core are altered 
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Fig. 4-ts vs temperature graph with constant drive current lines 
for encapsulated and unencapsulated cores. 
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by less than ten per cent; and the change in characteristics 
is in a predictable and reproducible manner. The principal 
change is simply that of an increased H,; there is no ap- 
parent degradation of the squareness ratio or of tempera- 
ture characteristics which might adversely affect the opera- 
tion of the core in a memory system. 

Core planes and cubes have been temperature cycled 
repeatedly over a range of —55°C to 125°C in an effort 
to discover any hysteresis that may exist due to differences 
in the expansion coefficients of the plastic and the cores. 
No such hysteresis has been observed. Also, there has been 
no tendency for the plated copper runs to peel from either 
the plastic or the solid copper pins. 

Over a period of approximately six months, no degrada- 
tion of magnetic characteristics due to shrinkage in curing 
of the plastic has been observed; nor has there been plas- 
tic cracking or warping. 


V. PRESENT DEVELOPMENT WorK 


Present work in progress in the laboratory is directed 
toward the encapsulation of 0.095-in transfluxors. These 
devices are seen in Fig. 5. The transfluxor was specially 
designed for encapsulation into platens, hence the square 
design. The device has a 0.040-in and 0.015-in hole and 
is 0.015-in thick. The transfluxors are loaded into a die 
with supporting pins that locate the devices. This die is 
seen in Fig. 6. The arrangement is 6 X 6 and the fin- 
ished platen has dimensions of 1 in X 1 in X 0.050-in. 
Fig. 7 shows the die loaded with 36 transfluxors sitting 
on the locating pins. The top plate and injection manifold 
are shown in Fig. 8. The die is now closed and loaded 
into the injection system which has automatic time, pres- 
sure, and temperature controls. It is only necessary for 
the operator to push a button to cycle the molding and 
polymerization process. To facilitate the unloading of the 
finished platen, the locating pins retract into the base, 
the die side pieces are removed, and the platen is simply 
lifted from the remaining flat surface. This is seen in Fig. 
9. Fig. 10 shows two etched plane wires on a finished 36- 
transfluxor platen. Each wire passes down through the 
0.040-in hole, across the bottom of the transfluxor and 
up through the 0.015-in hole. Series resistance of such 
lines is typically less than 0.1 © Fig. 11 shows 8 platens 
as they would be stacked to form a 288-bit cube for non- 
destruct program storage. Arrangement is 18 words— 
16 bit/word. Word capacity is increased by paralleling 
cubes. Bits-per-word is a function of the number of 
platens in a cube. Each platen represents two bits of the 
word structure due to the use of folded-word wiring. Not 
shown are the vertical-word wires. It might be assumed 
that much difficulty would be experienced in threading 
wires through the 0.015-in small hole in the transfluxor ; 
however, since all holes are in the same plane and their 
location is governed by high-precision dies, no difficulty 
is experienced. Fig. 12 shows four platens on a wiring 
jig during the wiring operation. 

Upon completion of the wiring and testing, the platens 


‘Fig. 5—0.095 x 0.015-inch transfluxors designed 
for high-density packaging. 


6—Special encapsulation die used with transfluxors showing 
Gee pins (smaller two) and web forming pins (large). 


Fig. 7—Transfluxor die with 36 ferrites in location. 


1961 Henderson, et al.: Fabrication of Microminiaturized Core Memories 255 


Fig. 8—Loaded die with top plate and injection manifold 

ready to be closed. ; 

Fig. 11—Eight 36-bit transfluxor platens prior to stacking. 
Arrangement here is 18 words, 16 bits per word. 


Fig. 12—Four transfluxor platens mounted in wiring jig with 
wiring partially completed. 


Fig. 9—Die with pins retracted, side pieces removed, and finished 
transfluxor platen removed. 


Fig. 10—Transfluxor platen with etched conductors. Two bit-level 
lines are shown with conductor passing down through large 
hole, across bottom of transfluxor, up through small hole, and 
across land to next transfluxor. 


Fig. 13—Transfluxor handling tool used in conjunction with Rese 
pulse generator for device characteristic testing. 
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are joined in much the same way as the smaller 16-bit 
memory cubes. 

These microminiaturized transfluxor memories are capa- 
ble of operation over a temperature range of —30°C to 
110°C, with no compensation within the circuitry. The 
packing density of the transfluxor cube is in excess of 
1.24-million bits/ft cu. This includes the large land area 
surrounding the core matrix and internonnections. In a 
realistic design, packing densities approaching two-million 
bits/cu ft are possible with this transfluxor. This figure 
also includes interconnections and switch cores. Fig. 13 
shows a specially designed transfluxor handling tool used 
to check cores individually on platens after encapsulation. 

Design of 16- * 16-bit toroid-core planes is underway. 
Such planes will be composed of either 0.050-in < 0.080-in 
or 0.030-in X 0.050-in cores. They will have the advantage 
of being discrete magnetic boundaries, and unlike the 
aperture plate,’°?” will not be speed restricted. Also, the 
noise level will be of the same magnitude as unencapsulated 


®R. H. Meinken, “The ferrite sheet memory,” Proc. Conf. on 
Magnetism and Magnetic Materials, Boston, Mass., p. 674; 1956. 

uM. M. Kaufman and W. L. Newhouse, “Operating range of 
a memory using two ferrite plate apertures, per bit,” J. Appl. 
Phys., vol. 29, pp. 487-488 ; March, 1958. 

we, Warren, “Ferrite apertured plate memories,” Intermath. 
Solid-State Circuits Conf., Philadelphia, Pa. ; - February, 1959. Digest 
of Tech. Papers, pp. 18-19. 
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cores, and a “bad” core may be replaced in production 
without its being necessary to discard the entire plane. 
For 0.050-in X 0.080-in cores, this will yield packing 
densities of 5.2-million bits/cu ft. 


VI. CoNCLUSIONS 


In conclusion, the isolation of a plastic material compati- 
ble with ferrite characteristics has been achieved. The plas- 
tic shrinks slightly during polymerization and exerts a 
slight stress upon the cores. This stress has been found 
to remain almost constant over a wide temperature range. 
This is due to a match in the expansion coefficients. 

Memory planes have been fabricated which indicate that 
the process can be used with predictable and reproducible 
results. 

Through-hole plating has been developed to ease the 
problems of both hand-wiring and miniaturization. 

At present, transfluxor platens are being developed and 
design is underway on 256-bit toroid-core planes. Packing 
densities greater than 1-million bits/cu ft are presently 
being realized and future designs will approch 5-6 million 
bits/cu ft. 

Because of the physical location and retention of ferrite 
cores by plastic encapsulation, greater shock and vibration 
environments are possible. 


MIST Module Electronics* 


I. MALOFF*, FELLow, rRE, AND V. LALLY+, MEMBER, IRE 


Summary—The MIST module is a proposed building block for 
electronic telemetry systems for use with weather balloons, pro- 
viding a minimum hazard to fast-flying aircraft. This electronic 
telemetry system may be spread in two dimensions while having 
a minimum build-up or structure in the third dimension. MIni- 
mum STructure modules (MIST modules) are a proposed an- 
swer to such a requirement. MIST modules have been built on 
an experimental basis and the brief experimental experience 
with working modules indicates that they will meet the require- 
ments and provide electronic systems which can be safely floated 
in the air lanes. 


INTRODUCTION 


HE major emphasis in microelectronics engineering 
has been on the reduction of the weight and volume 
of electronic gear. There is, however, a somewhat 
different facet of microminiaturization. It is concerned 
with reduction of only one dimension—the third. The goal 
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is to develop electronic gear to be carried by weather- 
sounding balloons which will provide a minimum hazard 
when struck by fast-flying aircraft. It may appear that 
the smallest and lightest possible package would be the 
answer to the problem. However, this is only a part of the 
answer. 

An aircraft can fly safely through a snowstorm which 
contains tons of water, but let it strike a hailstone weighing 
a few ounces and a very good chance exists for structural 
damage. The problem is not reduction in mass, per se, but 
diffusion of mass over a large area. Of course, this re- 
quires that each component be either diffused over a sur- 
face or made so small that is constitutes a negligible 
hazard. 

There are two types of balloon systems which presently 
constitute a hazard to aircraft: vertical sounding balloons 
which rise to a peak altitude and burst, and horizontal 
sounding balloons which float at a constant altitude for a 
period of one or more days. The balloons which carry 
radiosondes to altitudes in excess of 100,000 feet are made 


1961 


of neoprene. Their weight is usually about 2 pounds and 
their diameter increases from 6 feet at the earth’s surface 
to over 30 feet at bursting altitude, The proposed balloons 
to be used for horizontal soundings are made of Mylar. 
At lower altitudes the balloon is 2 or 3 mils thick and 
6 to 10 feet in diameter : at high altitudes the film thickness 
drops to % mil and the diameter may be 20 to 30 feet. 

These balloons in themselves will not damage an air- 
craft if struck. They will shatter harmlessly. If, however, 
such a balloon is equipped with a conventional electronic 
package weighing 4 to 6 pounds, it could cause a cata- 
strophic accident, in collision with a fast-flying aircraft. 
What is needed is a form of electronic package diffused over 
a surface which provides no greater hazard than the balloon 
film itself. The design of such electronic packages for use 
with weather-sounding balloons is the subject of this 
paper. 


ATMOSPHERIC SOUNDING TECHNIQUES 


All upper-air data presently used for weather forecasts 
are derived from radiosonde, radar-wind or pilot-balloon 
equipment which provides coverage over the principal land 
masses of North America and Europe. A pilot balloon is 
a free balloon the motion of which is observed by means 
of a theodolite. The coverage over the Arctic and Antarc- 
tic regions, the Pacific and Atlantic Oceans, and vast 
stretches of the Asiatic Continent is totally inadequate with 
these vertical sounding systems. 

There are two critical limitations to the widespread use 
of constant-altitude balloons on a hemispheric basis. First, 
a conventional, plastic, constant-altitude balloon requires 
many hundreds of pounds of disposable ballast to remain 
at altitude for periods in excess of one week, and the cost 
of the plastic material alone for these larger balloons makes 
their wide-scale use economically unfeasible. The second 
and most critical limitation to the use of such balloons 
for providing useful data is the hazard to aircraft which 
these balloons present. A gondola containing several hun- 
dred pounds of ballast is not a safe device with which to 
clutter the world’s air lanes. Although these balloons may 
still be flown in the stratosphere, the altitude at which 
balloon flight is permitted is increasing each year as air 
lanes go higher and higher. A few years ago a balloon 
could be flown at 30,000 feet without violating flight regu- 
lations. The limit has now been raised to 44,000 feet, and 
within a few years it may be extended to such altitudes as 
to prohibit the use of such sounding balloons for stratos- 
pheric and tropospheric probing altogether. 


SUPER-PRESSURE BALLOONS 


The hope for the future of horizontal balloon sounding 
is the super-pressure balloon, a sealed plastic balloon de- 
signed to float at an altitude at which the ambient pressure 
is lower than the internal balloon pressure. The excess 
pressure must be greater than the internal balloon pressure 


* Registered DuPont trademark. 
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variations due to the internal balloon temperature changes 
between night and day. 

Flights of at least six days’ duration have already been 
made with these unballasted balloons and at least one flight 
has been reported in which a balloon traveled halfway 
around the world. The super-pressure balloon itself does 
not constitute a hazard to aircraft. The Mylar film of the 
balloon (of 1 or 2 mils thickness) is brittle at flight alti- 
tude and will shatter harmlessly if struck by an aircraft. 
It appears possible, within the next two to three years, 
to build a small, spherical super-pressure balloon to fly at 
altitudes from 20,000 to 100,000 feet and remain at its con- 
stant-density altitude for periods in excess of sixty days. 

About 2000 such balloons circling the globe and equipped 
with temperature sensors would provide a complete and 
continuous picture of the dynamics of atmospheric cir- 
culation. The Global HOrizontal Sounding Technique 
(GHOST) concept promises to provide a new dimension 
in space and time for atmospheric observations. Of course, 
these 2000 balloons will be useless unless they can com- 
municate data on their position and environment back to 
a central weather-forecasting facility, 

The weight relationships between the load and balloon 
for constant level flight at 200 millibars (about 40,000- foot 
altitude) for various payloads show that the 1-pound pay- 
load can be carried by a spherical balloon of 2 mils thick- 
ness with a diameter of 7 feet. The total system weight for 
this configuration would be 3.5 pounds. 

In the type of payload presently proposed to be carried 
by the super-pressure balloon, the gondola frame consists 
of two sheets of plastic material sealed together to form a 
“pillow.” The gondola weight will be aproximately 4 
ounces. Affixed to the sheets of plastic will be small patches 
of plastic material. Each one of these is an electronic 
module. A number of the individual modules are connected 
together to form transmitter, receiver, solar cell and stor- 
age cell subassemblies. The total payload weight comes to 
10 ounces. Fig. 1 is an artist’s conception of the balloon 
system scaled to 200-mb flight. 


COMMUNICATIONS 


There are a number of possible communication system 
configurations calling for high-power, low-frequency trans- 
mitters scattered around the globe with a large number of 
receivers picking up retransmitted data from the balloons. 
A more intriguing possibility for the futre is to couple 
our satellite capability with this soon-to-be-developed capa- 
bility of embedding super-pressure balloons throughout the 
global atmosphere so that the balloons may be considered as 
satellites to the orbiting satellite. An orbiting satellite can 
cut a wide swath in each of its passes around the world. 
Instead of instrumenting this satellite with complex devices 
to make indirect measurements of meterological param- 
eters, this same satellite may be equipped with a simple 
communication link to pick up the position and meterologi- 
cal measurements from each ballcon as it passes through 
its communication range. The satellite can then dump its 
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Fig. 1—Complete balloon system (scaled for 200 millibars flight). 
Balloon: 2 mil Mylar; weight, 2%4 pounds; diameter, 7 feet. 
Gondola-cylinder: 1 mil Mylar; weight including electronics < 
10 ounces; diameter, 1 foot; length, 5 feet. Antenna: 14 mil 
Mylar; metallized; weight, 1 ounce; length, 75 feet (typical). 


messages at polar receivers, providing complete global data 
on the dynamics of the atmosphere. 

If the electronics for such a balloon system can be made 
nonhazardous, the system can be utilized. A conventional 
electronic system would never be given flight clearance. 


MInruum STructure (MIST) MopuLe 


What is needed is an electronic telemetry system which 
may be spread in two dimensions or diffused over a sur- 
face, while having a minimum build-up of structure in the 
third dimension. In this way, it will provide no greater 
hazard to fast-flying aircraft than a balloon film. MIST 
modules would thus become basic elements of such an 
electronic telemetry systems development. Such modules 
have been built and an example is shown in Fig. 2. It 
is built on a sheet of Mylar, 2 mils thick. It is a crystal- 
controlled, 11-Mc oscillator of conventional design and 
proven performance. The photograph was made by contact 
printing of a negative from an operative unit and then 
contact printing of a positive. Transparency of the Mylar 
base made this possible. 

The conventionality of the circuit ends when the methods 
and techniques of producing such modules are being con- 
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Fig. 2—Reproduction of contact print from a negative made by: 
(a) schematic of the same module, and (b) contact print of an 
operative unit. 


sidered. The Mylar substrate is extremely flexible, so that 
all the circuit elements have to be flexible. Since Mylar 
melts at about 250°C, heating of the substrate above 175°C 
is to be avoided. Many other important aspects of the 
processes will become apparent as a more detailed descrip- 
tion of such is given. Vacuum evaporation of metals and 
oxides and fluorides of rare earth and other metals has 
been extensively used in these procedures. Photoetching, 
electroplating and flexible gold and silver coating were 
other techniques that made MIST modules or two-dimen- 
sional electronic devices realizable. Essentially the process 
is as follows: Both sides of a Mylar sheet of 0.002-in to 
0.003-in in thickness are used for electronic circuitry. 
The operation begins with punching holes for required con- 
nections between two sides of the sheet. Metal such as 
aluminum, copper, iron, or nickel is then vacuum deposited 
on both sides of the sheet to a thickness of a few hundred 
angstroms. The connections between the two sides of the 
sheet are automatically obtained in the evaporation process. 
Sometimes, especially with elaborate or complicated cir- 
cuits, a very thin undercoat of an epoxy type primer is 
applied to the substrate to improve adhesion. The evapo- 
rated coating is then electroplated with the same metal to 
a thickness of about % mil on both sides of the sheet. Next, 
the electric circuit is photoetched on both sides of the sheet 
with spaces left for resistors, crystals, and active elements 
such as transistors and diodes. The spiral inductor is photo- 
etched in this step and so are the plates of the capacitors. 
Plates of capacitors having values of less than 100 mmf 
are photoetched on both sides of the Mylar substrate, thus 
utilizing the substrate for dielectric. Plates for larger 
capacitors are photoetched on one side only, for subsequent 
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vacuum deposition (through suitable masks) of inorganic 
dielectrics, such as cerium fluoride, silicon monoxide, or 
magnesium fluoride. In Figs. 3 and 4 are shown the pat- 
terns etched on one side of the sheet (top) and the other 
(bottom), respectively. Fig. 3 shows three square capacitor 
plates, while Fig. 4 shows only two. The latter two, together 
with their counterparts, shown in Fig. 3, are of the order 
of 50 mmf each and constitute the tuning elements of the 
oscillator tank. The schematic (illegible in the reproduced 
figure) in the upper-right corner of Fig. 3 is included in 
the original etching process simply for identification of 
the final circuit. Next, inorganic dielectric is vacuum de- 
posited through the mask shown in Fig. 5(a) on the photo- 
etched square plate of the decoupling capacitor shown in 
Fig. 3 next to the tank inductor. Vacuum deposition of 
voltage divider resistors through the mask shown in Fig. 
5(b) follows. Resistor material is usually a chromium- 
nickel alloy. The last step in vacuum deposition is that of 
metal through the mask shown in Fig. 5(c), reinforcing 
resistor connections and forming the upper plate of the 
decoupling capacitor. The value of the latter is of the order 
of 0.01 mf. The evaporation procedure requires three 
evacuation cycles after photoetching. Before photoetching, 
both sides are vacuum metallized in one operation from 
two sources. 

With vacuum processing completed, a crystal and a 
“pico”’-type transistor are secured to the circuit by means 
of gold paste. The module is then connected to its load 
or load equivalent, the power is turned on, and the oscilla- 
tor is tuned by erasing part of one plate of the tank capaci- 
tor, intentionally made larger than needed, until the output 
just passes its peak. The output is then restored to its maxi- 
mum value by replacing a part of the erased plate area with 
a drop of liquid gold. This capacitor (the lower-left square 
of Figs. 2 and 3) is the only critical circuit element re- 
quiring adjustment in this particular module, The ratio 
of values of the voltage divider resistors determined by 
their length and width, while not critical, may be adjusted 
to any degree of accuracy by the same erasing technique. 
The working circuit may then be protected by evaporated 
inorganic coating or by very thin coating of liquid epoxy 
compound, or both. The epoxy compound is similar to one 
mentioned before and is applied by a spinning technique. 
Low temperature baking at 170°C follows to set the gold 
paste and protective coatings. 

The finished module is about 0.0015-in thicker than the 
original substrate at a few points where the conductors 
on two sides of the module cross each other. The transistor 
of the “pico” type is smaller and lighter than a droplet of 
rain. It weighs 12 mg and is about 0.015-in thick and about 
0.025-in in diameter. The crystal is 0.005-in thick, 0.375-in 
in diameter and weighs 46 mg. It is believed that neither 
will present any danger to fast-flying aircraft. Since pico 
transistors have a dissipation rating of 100 mw, two of 
them in the tuned power amplifier stage would provide 
more than the required 100-mw transmitter power output. 
Other circuit elements such as diodes and thermistors used 
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Fig.3—Photographic replica of photoetched circuit on one side 
(top) of substrate (circuit slightly different from that in 
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Fig. 4—Photographic replica of photoetched Circuit on the 
bottom side of substrate. 
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Fig. 5—Masks for vacuum deposition of: 
capacitance decoupling capacitor ; 
vider; (c) upper plate of decoupling capacitor together with 
reinforcements of connections between components. 


(a) dielectric for high 
(b) resistors in voltage di- 


in modules of circuitry different from the one described 
are available in sizes smaller than pico transistors. Solar- 
cell manufacturers are reasonably certain that they will be 
able to meet GHOST requirments. 

The circuit described is a crystal-controlled oscillator 
operating at 7 to 30 Mc. Reasonable yields are obtained on 
a continuing basis in the manufacture of the oscillator, 
although reliability and complete aging data are not yet 
available. Stability of the basic oscillator is excellent, Ad- 
herence of elements poses no problems and the module 
may be flexed to radii as small as % inch without damage 
to components or connections. 

There is much still to be accomplished, but the basic 
feasibility of fabricating electronics which will meet the 
requirements of the GHOST system or frangible radio- 
sondes has been demonstrated. Future work will be con- 
cerned with reliability, life within the atmosphere, and 
demonstration of feasible solar-cell-battery elements fabri- 
cated on the MIST module substrate. 
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INFORMATION FOR AUTHORS 


The PGMIL Transactions is intended to bridge the gap between the various disciplines con- 
tributing to military electronics. Since this includes most of the branches of electronics, of the 
military services, and of the many fields which are associated with but not actually within the 
realm of electronics, it is essential that the papers published be of broad interest. The emphasis 
should be on readable, thought-provoking material that stimulates an attitude of open-minded- 
ness and curiosity. 

The major portion of the PGMIL TRANSACTIONS publication program is in the form of special 
issues designed to bring together the technical achievements of one field or by one group of 
workers. Topics and guest editors for forthcoming issues are announced regularly nine months 
in advance of the publication date. Each issue is open to contributions from anyone working in 
the area covered by that issue. Detailed abstracts of all contributed papers must be submitted 
for review at least eight weeks prior to the manuscript deadline. Abstracts and manuscripts 
should be sent in duplicate directly to the guest editor in charge of the issue of interest. Standard 
IRE practice should be followed in preparation of the manuscript and illustrations. Each manu- 


script should include a carefully prepared summary of not more than 200 words. 

Suggestions are earnestly solicited from the membership on topics for future issues of the 
PGMIL Transactions. Suggested topics should be sent to the PGMIL TRANSACTIONS Editor, 
Donald R. Rhodes, Radiation Incorporated, P.O. Box 6904, Orlando, Fla. 


Publication 
Date 


January, 1962 


April, 1962 


Next Issue 
October, 1961 


PUBLICATION SCHEDULE 


Topic 
“Direct Energy Conversion” 
Processes and devices: photoelectricity, 
thermoelectricity, thermionics, fuel cells, 
galvanic batteries, magneto hydrodynamics. 


“Signal Processing Radar Systems” 


Electronic scanning, pulse compression, 
track-while-scan, phased arrays, MTI, 
monopulse, velocity scanning, Doppler 


navigation, pseudo-noise modulation. 


“Missile and Space Range Instrumentation” 
Radar, optics, telemetry, timing, intrarange 
communications, frequency coordination, 
trajectory computation, etc. 


Guest Editor 


Mr. G. B..Wareham 

Office of Fuels, Materials, and 
Ordnance 

Office of Director of Defense 

Research and Engineering 

Washington 25, D. C. 


Dr. A. W. Sisson 
Research Division 
Radiation Incorporated 
P. O. Box 6904 
Orlando, Fla. 


Mr. A. G. Waggoner 

Asst. Director (Ranges and 
Space Ground Support) 

Office of Director of Defense 

Research and Engineering 

Washington 25, D. C. 


Manuscript 
Deadline 


October 1, 1961 


December 1, 1961 


July 1, 1961 


FILE TIN SIACKa 


INSTITUTIONAL LISTINGS 


The IRE Professional Group on Military Electronics is grateful for the assistance given 
by the firms listed below, and invites application for Institutional Listings from other 


firms interested in the field of Military Electronics 


PHILCO CORP., Government and Industrial Div., 4700 Wissahickon Ave., Philadelphia 44, Pa. 
Data Processing Systems, Space Communications, Satellites, Radar, Microwave ASW, Guided Missiles 


The charge for an Institutional Listing is $75.00 per issue or $225.00 for four con- 
secutive issues. Applications for Institutional Listings and checks (made out to The 
Institute of Radio Engineers, Inc.) should be sent to L. G. Cumming, Professional 
Groups Secretary, Institute of Radio Engineers, | East 79 Street, New York 21, N. Y. 


